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Section 1

INTRODUCTION

In 1972, the Naval Air Systems Conmand (NASC, Air-370) instituted the

Marine Fog Investigation (MFI) with the ultimate goal of improving the Navy's fog

forecasting capability. The overall MFI effort, conducted as a cooperative, basic-

research program, independently by a number of Navy laboratories and groups from

both the academic and private sectors, achieved progress through field studies, intensive

interpretive analyses and theoretical modeling. After nearly 10 years of research, our

knowledge of the physics and meteorology of marine fog occurrence has increased to

the extent that it is now feasible to incorporate this knowledge in operationally useful

forecast concepts.

Calspan was actively involved in NASC's MFI from its inception and was

responsible for a number of intensive field investigations which produced new information

on the characteristics of marine fog and the processes which control fog formation and

its lifecycle over the ocean. In recent years, this knowledge was summarized in

phenomenological models which describe mechanisms of fog formation and persistence,

was used to develop synoptic and statistical relationships pertaining to marine fog

occurrence, and, to some extent, was utilized by other investigators in the development

and tuning of numerical turbulence models designed for theoretical study of this marine

boundary layer phenomenon. Specific results from Calspan's MFI studies are summarized

in References 1-19.

Under the current contract, No. N00019-81-C-0102 with NASC (Air-330),

Calspan assisted the Navy in a multi-task program designed to carefully examine the

MFI achievements of the Seventies and to begin development of methods for utilizing

this new understanding in the operational forecasting of marine fog. The principal

objectives of this effort were to provide an impartial evaluation of the potential utility

of a select group of existing numerical and synoptic models in the forecasting of marine

fog and to initiate design of an operationally useful forecast scheme using the most

appropriate combination of these models. Specific tasks in this effort included:

4 -.. i
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(1) Develop a thorough familiarity (through site visits, interviews and

literature review) with the individual models in terr-s of modeling

framework, required input, and output variables.

(2) Generate a number of data sets from actual meteorological situations

with which cooperating investigators could exercise their models.

(3) Evaluate model performance both for previous tests and for the

data sets provided by Calspan in terms of an individual model's

potential utility in operational fog forecasting, considering the

impact of input data availability in real time on model utility.

(4) Based on item (3), recommend a candidate list of models for

consideration in designing an operationally useful fog forecast

scheme and/or identify gaps in input data availability or in our

knowledge of marine fog behavior.

(5) Initiate design of a fog forecast scheme, with particular attention

to input data requirements, computer resources, and timeliness of

forecast output.

(6) As a separate, related Task, analyze a 12-month record of acoustic

sounder-inversion-height data in the context of marine fog

occurrence and the attendant synoptic scenario to develop a better

understanding of relationships between the marine inversion and

marine fog.

As a chief objective of this contract, Calspan pursued design of a forecast

scheme based on the potential utility of the candidate models in the operational

forecasting of marine fog. An outline of a preliminary version of an obscuration

forecast system, which could incorporate the new understanding of marine fog generated

by the Navy's MFI and delineate the application of specific forecast approaches, is

4provided in Section 4. Characteristics of the candidate forecast approaches and models,

evaluation protocol and test results are discussed in Section 3; additional details of the

models, test cases and test results are provided in Appendices A, B & C. We continued

study of relationships between the marine inversion and the occurrence of marine fog

2 i
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and developed an Inversion Statistics Model for use in the forecasting of visibility; the

model, which was evaluated on this program, is described in Section 5. A synopsis of
marine fog occurrence-information resulting from Calspan's participation in the MFI--is

presented in Section 4.1; additional detail pertinent to an overall understanding of

marine fog is provided in Appendices D, E and F. The principal conclusions and specific

recommendations derived from the program are discussed in Section 2, Summary and

(1 Conclusions.
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Section 2

SUMMARY AND CONCLUSIONS

Under Contract No. N00019-8l-C-0102 with the Naval Air Systems

Command (NASC) and as a culmination of NASC's 10 year Marine Fog Investigation

(MFI), Calspan has been assisting the Navy in a multi-task program designed to carefully

examine the MFI achievements of the Seventies and to begin development of methods

for utilizing this new understanding in the operational forecasting of marine fog. Recent

study at Calspan has shown that the rational assembledge of knowledge and relationships

derived from the observational studies, coupled with newly-developed numerical, synoptic

and statistical models for marine fog and the marine boundary layer, can provide new,

practical, and operationally useful forecast procedures for marine obscuration.

Therefore, as a chief objective of this investigation, Calspan has pursued this goal and

outlined a preliminary version of an obscuration forecast system which, when fully

developed, would incorporate this new knowledge and delineate the application of specific

numeric and/or synoptic and statistical approaches; i.e., the system would specify a

forecast tool tailored to the attendant meteorological scenario and functional within

operational constraints. This section summarizes the research effort and results which

led to the conceptual design of this forecast system.

2.1 SUMMARY

The investigation supported under this Contract was designed to allow for

objective evaluation of a limited number of 'research' numerical models and other

forecast procedures and to thereby lead to recommendations as to the specific utility

of any model or procedure in the operational forecasting of marine obscuration. From

a select list of more than 20 candidate models, a group including five numeric and

four empirical approaches was delineated for further evaluation. The numeric models

ultimately tested were: ARAP's HOC (higher order closure), Burk's HOC, NPS' mixed-

layer, Tag's K-theory and Wurtele's turbulence-based eddy-coefficients models. For

the empirical approaches, Calspan's Decision Tree and Inversion Statistics and Leipper's

Indices and Inversion Statistics models were tested. In addition in September 1981,

Renard's Model Output Statistics (MOS) approach was recommended for immediate

operational implementation and was not further considered in the evaluation phase of

this investigation.

4
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The predictive capabilities of the models were assessed by testing on a

set of six 'blind' test cases (data sets) carefully selected and prepared from actual

meteorological events encountered during Calspan's prior MFI at-sea studies, each with

all required initialization data and each with downwind verification. The set of test

cases covered a wide range of scenarios: nighttime and daytime, stable to near unstable,

stratus and fog, warm and cold sea surface, Atlantic and Pacific locations, and both

long and short-term forecast periods. In a sense, these were ideal data sets and not

reflective of the data-sparse scenario typical of operational conditions; however,

objective intercomparison of the models and forecast procedures required that the best

possible data sets be made available.

Numerical simulations were performed 'blind' by individual cooperating

investigators with their own models on their own computers. Model test results were

then submitted to Calspan for evaluation based on overall cloud/fog predictions compared

to observations and persistence forecasts. For the numerical models, their predictive

capabilities for temperature profile and boundary layer depth were also assessed. In

the initial test, no one model performed significantly better than the others; each of

the models failed, in terms of their cloud/fog predictions, on at least two of the test

cases. In particular, all but one of the models had difficulty with the daytime situations.

However, the numerical models, on average, out-performed the persistence forecast and

in some instances produced predictions which quantitatively matched observations.

For some of the situations in which numerical models failed, our analyses

of early runs provided suggestions for minor modifications to certain weaknesses in

these models. For other situations of failure, major problems with the modeling

framework seemed to be indicated. Accordingly, at the option of the individual

investigators, some of the test cases were run a second time. As anticipated, 'skill'

was improved for most of the rerun simulations. However, the data sets were no

longer 'blind', and the investigators were in possession of the verification data.

Based on subjective criteria, Burk's Higher Order Closure (HOC) model

was judged superior to the other models, producing the greatest number of accurate

simulations and providing operationally useful forecasts in 85% of the FoR/Cloud

Representation and Boundary-Layer Profile evaluation categories. Tag's K-theory model

was judged second-best, followed by Wurtele's Turbulence-based Eddy Coefficients model.

ARAP's HOC model, although tied with the K-theory model in number of accurate
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forecasts, was rated fourth-best because it also tied for the greatest number of 'missed'

forecasts. Even the relatively simplistic NPS mixed-layer model, judged fifth best,

outperformed persistence.

The leading candidate models (Burk's HOC and Tag's K-theory) did not do

well in the two daytime situations which involved both short-wave solar radiation and

superadiabatic lapse rates in the surface layer, conditions not present in the other test

cases. Wurtele's model, on the other hand, which was designed for highly unstable

situations and which incorporates a different radiation package, verified for both

situatiom in both cloud and temperature structure categories. There is evidence that

the models of Burk and Tag may not adequately describe surface fluxes under surface-

layer superadiabatic conditions, and insufficient heat and moisture fluxes appear to be

the cause of the problems that these models had with the two cases. This apparent

weakness in Burk's and Tag's models should be remedied prior to operational testing.

For testing purposes, the empirical fog forecast procedures available to

us were exercised 'objectively' by the Caispan principal investigators and staff

meteorologists. By design these empirical forecast approaches emphasize specific

prediction of fog or visibility and are not capable of the quantitative prediction of

boundary layer variables expected of the numerical models; therefore, assessment based

on simple fog or no-fog forecasts by synoptic models is more qualitative than that

based on interpretation of humidity/LWC profiles required for numerical forecast

methods. Further, it is recognized that proper evaluation of the synoptic procedures

requires a statistical test much more rigorous than was provided by our six data sets.

Even with these caveats, it is clear that the synoptic models as a group outperformed

the persistence forecast but in general did not do any better than the numerical models.

Testing, and evaluation of the technical content of the empirical forecast

approaches, disclosed that each has unique capability and merit for use in operational

forecasting. Calspan's Decision Tree (Part 2, using the observed inversion height) and

Leipper's Indices model verified on the greatest number of cases, while the Decision

Tree (Part 2) and Calspan's Inversion Statistics model had the least number of 'missed'

forecasts. Leipper's Indices method, used operationally at North Island NAS (San Diego),

has limitations; however, the indices are objectively determined, and, in the absence

of any other forecast approach, the technique can provide a forecast which can be

better than persistence. The Decision Tree (which requires additional development)



provides useful phenomenological forecast and interpretation information not available

from any other source. Finally, of the non-numeric methods tested, inversion statistics

probably offers the most promise, providing objective, yet quantitative, forecast

information on visibility.

In summary, the testing program provided a 'real world' baseline from

which to make relative intercomparisons of model capabilities: the initial 'blind' test

of the models served to delineate certain strengths and weaknesses of both the numeric

and empirical models; the second test demonstrated improvements in the models which

were achieved by minor modifications. Clearly, with the recent modifications, an HOC

model outperformed all other models producing some near-quantitative predictions when

complete input data requirements were satisfied (excluding the two superadiabatic

situations). Both the K-theory and mixed-layer 'slab' models performed reasonably well,

with operational utility, for the non-stable meteorological situations, indicating that

the sophistication of HOC models is not always required. Likewise, Calspan's Decision

Tree, Leipper's Indices and both Calspan's and Leipper's Inversion Statistics Models

performed satisfactorily (with operational utility) in the non-stable situations for which

they were intended. Nevertheless, if computer resources and sufficient initialization

data were always available, and provided that the surface flux question can be resolved,

the primary recommendation would be to utilize the HOC model for local (mesoscale)

obscuration forecasting.

The models and forecast procedures performed well in this test, as

summarized above, when used with 'ideal' input data. Further, the more sophisticated

numerical models required a complete and accurate suite of initialization data; wind

profiles, subsidence values and sea surface temperature patterns which actually occurred

between the initialization and verification times-not forecast values--were provided.

In the data sparse operational environment, it may not be possible to properly initialize

HOC and K-theory models, and less sophisticated mixed-layer and empirical models

may prove more utilitarian.

Recognizing that the operational environment is typified by a variety of

constraints, meteorological situations, forecast requirements, data availability and

computational resources, it was obvious from the results of the model evaluation that

for the foreseeable future no single predictive tool would be universally applicable in

the operational realm. However, the model evaluation demonstrated that quantitative
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predictions are possible, that some models have strengths and unique capabilities, and

that some numerical models are situation specific. Some synoptic models performed

satisfactorily for the situations for which they were designed without the need for

advanced computational capability. Further, the wealth of understanding of the

phenomenology of marine fog formation (trigger mechanisms, life-cycle characteristics,

physical features, etc.) and of the linkage of marine fog occurrence to synoptic scale

features can provide operationally useful forecast information and interpretation which

is not available as output from any numerical model. Hence, it is our belief that the

rational assembledge of this knowledge, coupled with the ability to select the most

* appropriate forecast tool within operational constraints for the anticipated meteorologi-

cal scenario, would provide a significant advance in marine obscuration forecast

capability. We have outlined a preliminary version of a multi-faceted obscuration

forecast system which would have the capability for this selection and forecast process.

The recommended obscuration forecast system can be developed exclusively

from existing knowledge, procedures and numerical models for application with current,

operationally-available data. A combined numeric and synoptic approach is suggested

in which synoptics and phenomenology would be used to help initialize, to help select

appropriate numerical forecast models, to help interpret numeric results and to serve as

a back-up forecast tool. The system would make maximum usage of the new knowledge

of the physics and meteorology of marine fog generated by the Navy's MFI, useful

knowledge which has yet to find its way into the operational realm. As currently

envisioned, the recommended tools for use in such a system include: Burk's HOC

model, Tag's K-theory model, the NPS mixed-layer model, Renard's MOS model, Calspan's

Decision Tree and Inversion Statistics models, Leipper's Indices, climatology and

persistence. It is also recommended that provision be made for eventual use of aerosol

generation and microphysics models and Calspan's LWC algorithm, constructed soundings

and aerosol climatology models for use as data estimation techniques. It is estimated

that such a system can be designed and configured into a computer-interactive system

within an approximate two year time frame. Testing and advanced development would

follow.

Finally, as an additional task of the current contract, we continued

investigation of relationships between the marine inversion, synoptic meteorological

events and the occurrence of marine fog. The study was made possible through the

acquisition of a 12-month record of acoustic-sounder inversion-height data for Monterey,

8
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California. Strip chart records for the period October 1975-September 1976 were

reduced to provide hourly values of inversion height which were then correlated with

surface observations at Monterey airport, with upper level data from Oakland and

Vandenberg and with synoptic scale surface and 850 mb analyses. In addition to

broadening our knowledge of the behavior of the marine inversion with respect to meso-

and synoptic scale systems and the occurrence of marine fog, this investigation produced

the Calspan Inversion Statistics Model which was evaluated on the model assessment

phase of this program.

2.2 CONCLUSIONS AND RECOMMENDATIONS

The principal conclusions and recommendations resulting from this study

include:

(1) It is recommended that the Navy develop an obscuration forecast

system which is based on the physics and meteorology of marine

fog occurrence and which can delineate the application of specific

forecast tools according to a tool's capability for handling

anticipated phenomena in the context of attendant operational
constraints. The system should be functional for input data scenarios

ranging from single station to battlegroup.

* The models recommended for inclusion in such a system are:

Burk's HOC, Tag's K-theory (l-d), NPS mixed-layer, Inversion

Statistics, Calspan's Decision Tree, Leipper's Indices and

Renard's MOS.

0 The forecast system should also incorporate the

phenomenology of marine fog occurrence.

* Provision should be made for inclusion of data estimation

techniques.

* The system should be designed as a computer-operator

interactive procedure for eventual integration into the

Tactical Environmental Support System (TESS).

9
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* A hardcopy handbook version would provide improved forecast

capability even at isolated single stations.

(2) For an immediate improvement in wide-area, objective, centrally

prepared forecasts, it is recommended that Renard's MOS approach,

designed for the summertime northern Pacific, be implemented

operationally. If experience demonstrates its utility, MOS should

then be tested for and/or expanded to include other oceans.

(3) Burk's HOC model was judged superior to all other models and

forecast approaches tested on this program. Benefiting from ARAP's

previously developed radiation package, the model demonstrated that

quantitative forecasts of boundary layer structure are possible. It

is recommended that Burk's model be implemented for use in

operational mesoscale forecasting when sufficient computer

resources and initialization data are available. The following areas

requiring improvement are noted:

0 the apparently inadequate accounting for surface fluxes under

highly unstable conditions should be investigated;

* cloud droplet sedimentation should be included for better

representation of the vertical transport of moisture to

improve forecasts of cloud base;

* finer grid resolution at cloud top and in the surface layer is

recommended.

(4) Tag's K-theory (2-d), NPS's mixed-layer and Wurtele's models tested

reasonably well, providing operationally useful forecasts in well-

mixed, neutral to unstable situations and demonstrating that the

sophistication of HOC models is not always required. It is

recommended that the K-theory (l-d) and mixed-layer models be

available for operational use when available input data are not of

sufficient quality to warrant use of an HOC model.

103
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0 If the surface-flux problem in the models of Burk and Tag

cannot be corrected, Wurtele's model should be considered

for use in forecasting for situations with surface-layer

superadiabatic conditions.

(5) The evaluation of the empirical approaches disclosed that each has

unique capability not found in numerical models. For the West

Coast situations for which they were designed, the models provided

operationally useful forecasts without the need for advanced

computational capability. It is recommended that inversion statistics

and the Decision Tree approaches be further developed and

configured for operational use.

0 Inversion statistics models, such as the one developed on this

contract, offer the most promise for operational usage

because they can provide objectively-determined, quantitative

forecasts of visibility. However, the existing models are

probably site specific, and study is required to generalize the

technique for at-sea use. In addition, it is suggested that

the models be formulated to provide resolution for light,

moderate and dense fog and to define time periods which

are more representative of fog occurrence. Such a model

would offer visibility estimates based on numerically predicted

inversion heights.

* Calspan's Decision Tree requires further study to delineate

additional synoptic patterns, but the approach provides useful

phenomenological forecast and interpretation information not

available from any other source. Inversion statistics can be

( combined with the Decision Tree's prediction of inversion

height to provide visibility estimates.

0 Leipper's Indices have limitations; but they are objectively
determined, and, in the absence of any other forecast

approach, the technique can provide a forecast better than

persistence.
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(6) The wealth of new understanding of the physics and meteorology

of marine fog occurrence generated by the Navy's MFI has yet to

find its way into the operational realm. This new knowledge can

provide operationally useful forecast information and interpretive

capability which is not available from any numerical model.

* It is recommended that, as a minimum, this material be

incorporated into forecast manuals.

0 It should be recognized that most of the knowledge and

concepts developed through MFI efforts focus on West Coast
fog scenarios. While limited observations suggest that the

same physics and trigger mechanisms are operative elsewhere,

relationships to meteorology and oceanography may differ.

Remote- and mid-ocean fog occurrence is relatively

undocumented and remains a gap in our knowledge. It is
recommended that some limited additional study of fog

occurrence in these areas be performed.

(7) Microphysics and aerosol models which could not be tested within

the scope of this program appear to show promise and should be
considered for future operational application. The numerical models

tested on this program, which generate liquid water content and
relative humidity values for interpretation as cloud/fog, would

benefit by the potential capability offered by microphysics.

* The addition of microphysics and/or aerosol models for

operational forecasting would aid in the determination of
visibility once LWC or RH profiles are specified.

• Further, incorporation of these models into the numerical

modeling framework would produce LWC in high RH situations

and provide feedback between LWC and radiative processes.

(8) The forecast approaches studied on this program were tested on a

limited data set which employed a complete suite of initialization
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data. It is recommended that the leading candidate models be

further tested on a larger test set of situations more representative

of the data-sparse operational environment and remote marine

locales.

1
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Section 3

EVALUATION OF FORECAST MODELS

A primary task of this contract was to provide an objective examination

of the potential utility of newly-developed models and forecast concepts for improving
the Navy's operational capability for marine fog forecasting. For the forecasting of

* imarine fog two basic approaches were considered. On the one hand are numerical

models which are based on physical equations and which are designed to simulate

atmospheric behavior; they range from simple, well-mixed, single layer models to

complex higher order closure (HOC) turbulence models. On the other hand are empirical

techniques which are derived from observed fog behavior; they range from climatology

and rules-of-thumb to synoptic and statistical models. This Section discusses the

candidate techniques and predictive approaches, their assessment and our

recommendations relative to their potential use in operational forecasting.

3.1 SUMMARY OF NUMERCIAL MODEL TESTING

3.1.1 Numerical Model Selection

For the numerical models, the recommendation was ultimately to be based

on evaluation of model performance on a set of test cases. Obviously to conduct such

a test, a manageable number of models had to be selected from those which, over the
years, had been designed or could be adapted, to simulate fog. Most of the available

models previously had been characterized in response to the Marine Fog Model Survey

questionnaire carried out in 1980 under the auspices of the NASC Code 370 (now Code

330) Marine Fog Investigation. The list of responders served as the starting point for

our model selectiors. The complete list of 'Navy' models delineated for consideration

in this evaluation program is provided in Appendix A.

With operationally applicable models as the ultimate goal, we wanted to

test a set of models which spanned the state of the art not only in terms of boundary

layer turbulence but also in terms of required computer resources and input data. We

recognized that HOC probably offered the best description of the physics of marine
boundary layer behavior. However, under operational duress, it might be necessary to

run a less sophisticated and less time consuming model than would otherwise be desired.

14
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Another prime consideration was the availability of the model for testing on our data

sets during the time frame of our contract. This constraint required that the researcher

have both the time and resources to run his model, and ultimately lead, with one

exception,' to investigators who were actively working on the problem of developing

boundary-layer models geared to operational input data.

By name or organization, the five numerical models chosen 2 for evaluation
were: the HOC of Aeronautical Research Associates of Princeton (S. Lewellenj. Sykes,

and D. Oliver) - Ref. 20, the HOC of S. Burk (NEPRF) - Ref. 21, the mixed-layer

model of the Naval Postgraduate School (K. Davidson, C. Fairall, and P. Boyle) -Ref.

22, the K-theory of P. Tag (NEPRF) - Ref. 23, and the eddy coefficients model of

M. Wurtele (UCLA) - Ref. 24. Salient features of these models are shown in Table

1. Each model contains a temperature variable, a water vapor variable, and a fog/cloud

liquid water variable, all of which are predicted within the model domain as time is

marched forward.

The HOC models of ARAP and Burk contain the most sophisticated

turbulence formulism, with prognostic equations for the second order moments. Wurtele's

model with a hybrid, turbulent-energy, K-theory system and Tag's with K's computed

from local vertical gradients follow in order of turbulence sophistication. NPS' 'slab'

model, with its predictions only of mean values for temperature and moisture in the

well-mixed layer, has no internal turbulence structure.

The ARAP, Burk, and Tag models all use the ARAP radiation package

(Oliver et al, Ref. 20), although in slightly different form, and the Wurtele model uses

the Herman and Goody (Ref. 25) radiation model. Both of these radiation models

include absorption and scattering for both long and short wave radiation, but the total

wavelength intervals and computation of absorption and scattering effects differ. The

1 While paring down the original list, it was obvious that the turbulence-based models
used the same radiation scheme. Thus, Calspan engaged Prof. M. Wurtele of UCLA to
run his turbulence-based, eddy coefficients model which contained a different radiation
scheme and which also represented a middle-ground between HOC turbulence and K-
theory turbulence frameworks.
2 In addition, we recommended that Barker's (NEPRF) model (Ref. 29) be tested because
it was one of the early K-theory models used in theoretical fog research and would
serve as a baseline. Barker could not participate, but 3. Weyman (AFGL), who was
experimenting with a version of the Barker model, agreed to use our data sets; as of
this writing, we have not received results of Barker-model runs.
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NPS model (Ref. 22) uses longwave emissivity of the cloud based on liquid water content

and a one-layer delta-Eddington method for solar heating in cloud.

Except for Tag's model, which ran in two-dimensions for some of the

cases, the models ran in the one dimensional mode, which simulates the evolution of

the vertical structure in an air column. All the models can handle external forcing

by large-scale subsidence, although to do so Tag had to run in the l-d mode. All

models compute surface fluxes and longwave back radiation from the atmosphere above

the top of the boundary layer. None of the models contain drop sedimentation or cloud

microphysics. Detailed ummaries of model characteristics ,nd selection criteria can

be found in Appendix A.

3.1.2 The Test Cases

The test data set consisted of six cases which covered a wide range of

conditions (see Table 2): fog and stratus, both short and long term verification,

nighttime and da' time, stable to near unstable, and warm and cold sea surface

temperatures. The cases were selected through an exhaustive examination of situations

encountered on 21 at-sea and coastal field studies conducted during the years 1971-

1980. For numerical simulation and its subsequent verification, it was essential to

select cases for which verification soundings could be linked to initial soundings by air

trajectory over known sea surface temperatures. This data set satisfied those criteria.

(Detailed documentation of case selection and conditions can be found in Appendix B.)

Cases 6, 4, 1 and 3 all involved initial stratus clouds, while cases 2 and

5 were clear-sky', stable situations in which advection fogs developed. In Case 6, a

stratus cloud within a 200 m deep boundary layer lowered to form surface fog in the

3 hours after sunset. In Case 4, the initial 120 m deep stratus cloud was topped near

600 m; after sunset, 10 hours of net long wave cooling thickened the cloud to about 400

m in depth. In Case 1, stratus cloud initially 200 m thick near the top of a 800 m

deep boundary layer grew to a depth of 300 m in 4 hours as the boundary layer deepened

during the early morning hours and the air moved over a warmer sea surface. In Case

3, an early morning 100 m thick stratus in a 250 m thick boundary layer, thinned during

the sunlight hours under strong, large scale subsidence and strong heating from the sea

surface; after sunset, the stratus cloud re-formed and thickened in the 250 m boundary

layer to form dense fog. In Case 2 an inverted, unsaturated profile at low levels,
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which was observed in late afternoon, became more intense during a three hour travel

over colder water and shallow fog formed in the low levels. In Case 5, an inverted,

unsaturated profile at low levels, which was observed near sunrise, was transformed to

isothermal over warmer water as deep fog formed.

3.1.3 Testing and Obiective Evaluation of the Models

The numerical models were evaluated by comparing their computer

simulations or predictions to the observed evolution in each of the six cases. Individual

investigators were provided with initial and boundary conditions and were asked to run

their models "blind", that is the modelers had no knowledge of the verification conditions

or time. Our initial evaluation of the blind simulations lead to suggestions for

improvements to some of the models. At a workshop conducted at NEPRF during May

1982, during which the modelers were given the verification times and data, the original

simulations were evaluated, non-competitive simulations were discussed and our suggested

modifications to the models were outlined. At the conclusion of the workshop, the

modelers were invited to rerun any or all of the cases with their revised models.

ARAP and Tag reran all the cases, although for Tag's m, uel, changes

from the blind runs were minimal except for Case 3 which was rerun in a one-dimensional

mode to permit inclusion of the strong subsidence. AkAP ma o two changes which

materially affected their simulations. First they set the reflection of long wave

radiation to zero at the ground, the original 10% value caused unwanted heating in the

two stable cases (2 and 5). Secondly, they changed their finite differencing scheme

from centered to one sided at cloud top in order to eliminate a large cooling in the dry

air immediately above the cloud. Burk reran Cases 1,4, and 6, all of which were

affected by his revised model which could now start with initial cloud liquid water and

which eliminated spurious cooling in the warm air immediately above cloud top. NPS

declined to rerun. Because of the unique circumstances under which Wurtele participated

in the test program, reruns by his model were not practical. The set of simulations

on which the ultimate evaluation was performed thus represented the best simulations

that the models were then capable of producing. The actual fog/cloud predictions

produced by the numerical models are summarized in Table 3. Detailed output from

the model testing-i.e., tables and plots of initial, verification and simulation parameters-

may be found in Appendix C.
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Objective assessment of numerical model performance was based on

comparison of simulations and verification in two categories: boundary layer parameters

and fog/cloud parameters. The results of this comparison for each model and each

case are summarized, through use of symbols for ease of reference, in Tables 4 and

5. The boundary layer parameters (Table 4) included mean differences between simulated

and observed temperature and dewpoint through the boundary layer; boundary layer

depth was defined as the distance between height of the inversion base and the earth's

surface. The fog/cloud parameters (Table 5) were differences between simulated and

observed fog/cloud base, top and thickness; for the simulations, cloud was defined as

a liquid water content * 0.03g/m 3 . In the tables a full, dark circle represents a small

difference, the half-dark circle represents a medium difference, and an open circle

represents a large difference between simulation and verification. Dashes indicate

where data were unavailable.

In each table, the models are arranged alphabetically according to person

or organization. In the discussion which follows, reference to a model is usually made,

for example, as "NPS's model". However, for variety and ease of reading, occasionally

reference will be in the personified mode, e.g., "NPS was too cold". The test cases

are ordered so that the first four represent stratus thickening situations where the

simplest (Case 6, evening, short duration, air column stationary) is first and the most

complex (Case 3, 20-hour simulation, including day and evening over a 250 km trajectory,

10- and 20-hour verification) is last. The last two cases are the stable, shallow fogs

which initially have no cloud.

For Cases 6 and 4 (see Tables 4 and 5) the models did well overall,

simulating verification conditions three times as often as they came close (and with

only one "missed simulation".) The ARAP and Tag models predicted temperature and

dewpoint profiles near quantitatively for Case 4; and for Case 6, Tag as well as Burk

and NPS produced quantitative predictions of these parameters. The models should

have simulated these two cases well since the cases represent simple, nighttime, stratus

situations with small air-sea temperature differences. Under these conditions, cooling

from long wave radiation at cloud top and turbulent transfer under neutral conditions

are the primary driving forces; and overall the models simulated these processes well.

Cases I and 3 were daytime, initial stratus situations with the sea surface

significantly warmer than the air. For these circumstances, the models missed the
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verification conditions nearly as often as they simulated them. Wurtele's model simulated

the temperature and dewpoint much closer (almost quantitatively for Case I and for

Case 3 at 20 hr) than did the other models, all of which produced temperatures that

were too cold. Under these net warming conditions, heating from combined absorption

of short wave radiation in cloud and positive surface heat flux and cooling from long

wave radiation at cloud top were the major driving forces. Integration of the solar
i absorption computed by the ARAP radiation package (also used by Burk 4Kin Tag) and

that by Wurtele's scheme showed that the two models produced essentially the same

net heating by short-wave absorption. Additional evidence suggests that the simulated

temperature profiles for Cases I and 3 were too cold in the ARAP, Burk & Tag

simulations because the simulated heat fluxes were too small for these unstable

meteorological situations. Burk and Tag computed surface fluxes through the Businger

et al (Ref. 26) flux-profile relationships and there is some concern about these

relationships for unstable conditions such as existed for Case 3. We have recommended

that the modeling of heat flux for unstable conditions 1,y these models be reexamined.

For both Cases 2 and 5, the initial temperature profile was inverted, with

Case 2 becoming more strongly inverted after advection over colder water while Case

5 developed an isothermal profile over warmer water. The models simulated the

verification temperature conditions three times more often than they come close and

produced only two "missed" simulations. The common good performance for Case 5

indicates that the models can transform an inverted profile to an isothermal profile,

suggesting that the surface flux processes are well modeled for stable to isothermal

conditions such as these. For intensification of an existing inverted temperature profile

as in Case 2, the HOC models and Tag's locally-computed-K model did the better job.

The NPS model, which can only generate a lapse profile, was obviously inferior, and

Wurtele's computation of a bulk transfer coefficient for the surface flux also did poorly.

Objective scoring of the specifics of these cloud/fog forecasts summarized

in Table 3 is provided in Table 5. Note that for only two of the 21 data sets in Table

5 (Case 4-fog/cloud top and Case 2-fog/cloud base), did four or more models nearly

simulate the verification conditions; of 35 possible simulations (7 case runs x 5 models),

in only 9 runs did a model fully duplicate the verification cloud within the objectively-

set limits. Conversely, in 17 of the 21 data sets at least one model produced a missed

simulation. These results demonstrate the relatively poor simulation of cloud boundaries

by the models. Considering that these models all lack cloud physics and cloud drop r
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sedimentation, and some lack fine vertical resolution at cloud boundaries, the relatively

weak performance in simulating cloud base is not surprising.

For the fog/cloud top height category, the models did best for the first

four (stratus) cases which included all but one of the near quantitative simulations. In

stratus situations, the cloud top height is very closely associated with the height of

the inversion, a feature which is primarily controlled by large scale subsidence and

entrainment. In most of the test cases, the vertical temperature gradient in the

inversion was large, so that turbulence and entrainment should be weak at cloud top.

Further, the models were given good estimates of sbsidence as a boundary condition

and should, therefore, have modeled this effect well. Case 3 had strong subsidence and

an intense inversion, and the models performed reasonably well except for the ARAP

model (at 20 hours) which used too strong a subsidence value. In Cases 6, 4 and 1,

where subsidence was nearly zero and entrainment was minimal (because of intense

inversions), the models also did well in simulating the height of the fog/cloud top,

except for ARAP and Wurtele on Case 6.

Since only one model formed fog in Cases 2 and 5, fog/cloud assessment

for the other models was accomplished through use of their predicted relative humidity

values in the fog layer. (Our subjective guideline was as follows: if microphysics

models such as represented by Fitzgerald's (Ref. 27)P, and aerosol generation models

such as Gathman's (Ref 28) were supplied with the high relative humidity values which

were predicted, obscuration would probably be formed within the corresponding fog

layers.) The HOC and slab models produced very high RH in the boundary layer, while

the K-theory model developed only moderately high RH. NPS shows relatively poor

simulation overall for both cases, as the well-mixed model produces only shallow, neutral

boundary layers. Wurtele's model produced fog in both cases although much too shallow

for Case 5. The poor simulation of fog top heights for these two cases probably

reflects the absence of liquid water in the simulations and the sbsequent lack of

feedback between fog liquid water and cooling from long wave radiation, a relation

which is important to increasing fog depth and density in these situations.

The number of near simulations in the fog/cloud base category is only

half of that in the fog/cloud top category, while the number of missed simulations is

I Fitzgerald successfully simulated Case 2, using his own data in 1978, and his results
are pblished in this reference.
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almost three times more. In the stratus situation, the turbulence regime is different

at the cloud top from that at cloud base. The cloud top, which is located near the

inversion at the top of the marine boundary layer where the turbulence is suppressed,

is constrained to near the inversion. Contrastingly, cloud base which is located within

the eddy structure of the turbulent marine boundary layer and more dependent on the

absolute temperature-moisture profiles, is not so easily estimated by the models. In

addition for proper simulation of the fog/cloud base, condensation and evaporation as

well as vertical transport of cloud drops in a turbulent atmosphere must be modeled

correctly; the current models contain neither cloud physics nor drop sedimentation to

account for this moisture transport process. Thus the poorer simulation by the models

for cloud base as compared to cloud top is not unexpected.

For Cases 2 and 5 in which the fog builds up from the sea surface, the

temperature profile is inverted, and fog formation is driven by heat and moisture fluxes

at the sea surface. For the model simulations, relative humidity was used to estimate

fog height. Since these relative humidity values were chosen arbitrarily and subjectively,

the scores should not be used in comparison with other cases; but rather to intercompare

the performance of the models within the context of Cases 2 and 5.

In future development, we recommend merging of microphysics models

with the boundary layer models. At a minimum, the predicted relative humidity at

the forecast time could be used in the microphysics model to compute aerosol growth

and visibility for situations such as Cases 2 and 5. A more sophisticated approach

would be to use the microphysics model interactively, so that fog liquid water could

be generated during the forecast interval and a feedback between LWC and radiation

could be introduced during the simulation.

3.1.4 Subjective Assessment of Numerical Model Performance

Tables 4 and 5 provide an objective assessment of numerical model

performance based on categorizing of numerical differences between simulated and

verification conditions. However, such an assessment is overly restrictive as it does

not take into account the "gray" situations in which, for example, a simulated cloud

base height is 51 m differpnt from the verification height or fog forms less than one

hour after verification time. From an operational standpoint both of these example

simulations would provide useful forecast information and could well be said to have
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verified. With this consideration in mind, we carefully examined each simulation and

assessed it subjectively, using our meteorological experience and judgment, as to whether

it verified, was close, or was non-competitive, taking into account any "gray" conditions

as well as factoring in the nuances of model framework and capability.

Verification obviously was scored when simulated conditions were very

near verification conditions. Non-competitive (NC) occurred when a simulation was

extremely far removed from the verification conditions, i.e., fog simulated when none
occurred or the simulation was just not representative of verification. Close was scored

when simulated conditions were not far removed from verification conditions or, by

default, when a simulation either did not qualify as verify or was not really non-

competitive. To add some discrimination to the close category we defined "close plus"

(+) for simulations near verification, and "close minus" (-) for simulations which were
near non-competitive, i.e., close by default. These guidelines then define "close" as

being in between the two extremes.

Table 6 presents our subjective scoring or assessment of the numerical
model performances using the categories defined above. (Details of how we arrived at

the subjective assessments can be found in Appendix C.) On the basis of these six
test cases, Burk's HOC model emerges as superior to tie others as it scored the

greatest number of verifies and least number of NC's. Following these criteria, Tag's
K-theory is second and Wurtele's model, although it scored the same number of verifies

as Burk, is ranked third because it tied for the greatest number of NC's. Although

ARAP's model scored as many verifies as Tag's, it is ranked fourth since it is tied

with Wurtele's model for the most NC's. NPS's model is ranked fifth as it had the

fewest number of verifies and only one less NC than the models of Wurtele and ARAP.
Adding (+) and (-) scores to the verify and NC totals, respectively, does not materially

alter the rankings.

As a result of this testing and evaluation, it is recommended that Burk's
HOC model be considered a primary model for future, operational fog forecasting.

Burk's model is based on a good physics framework and will fit computer resources

planned for TESS. However, we recommend that some modifications be carried out
before the model is made operational.
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(1) An apparent problem with inadequate accounting for surface fluxes

under unstable conditions should be remedied.

(2) Burk's model handles the stratus lowering situations well, for both

long and short term simulations, although finer grid resolution at

cloud top is recommended to prevent excessive cloud top increase

under weak inversions.

(3) To improve simulation of moisture transport processes and the

consequent fog/cloud-base forecast, droplet sedimentation should be

included in the model.

(4) The model did a fair job in simulating temperature and dewpoint

profiles for advection type fogs, in which unsaturated air with an

inverted temperature profile moved over either colder or warmer

water; however, in these situations, crosstalk with a microphysics

model is recommended so that liquid water can be generated in the

surface layer and feedback betwe -n the liquid water and long wave

cooling can enter the simulation.

Although as shown in Table 6, ARAP's HOC model tied for the most NC's,

the three of those from Case 3 would probably be upgraded if the large subsidence

value which was used were corrected. The ARAP model which is basically similar to

Burk's might then be tied with Burk's (in our scoring scheme). However, their model

still has an unexplained problem in simulating Case 6, which was the simplest situation

among the test cases. For these reasons, we cannot recommend ARAP's model in place

of Burk's. However ARAP's model has finer resolution at cloud top which aids in more

accurate descriptions of processes at that level. The ARAP model also has finer

resolution in the surface layer, which apparently helped the model to better simulate

the temperature profiles in the unstable cases. For this latter reason, we recommend

that Burk consider some finer grid resolution in the surface layer.

Tag's model was primarily included in the test so that comparison could

be made between K-theory and HOC models; the two-dimensional character of the

model was secondary. Although Tag's model suffers from a lack of fine grid resolution

(because of its two-dimensional resolution) and the surface heat flux problem, we
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conclude from our analyses that the relatively good performance by Tag's model indicates

that the K-theory approach may have some operational utility. If implementation of

HOC-type models is going to strain computer resources, then it is recommended that

Tag's K-theory approach be implemented in its one-dimensional mode; the one-

dimensional mode is necessary in order to include subsidence in the model.

Wurtele's model, which was ranked third, does well on the neutral to

unstable stratus-lowering cases, primarily because of its turbulence formulism. However,

the model has a definite problem in simulating the boundary layer for stable situations,

where Water is colder than the air, despite the fact that it properly predicted fog;

however even where fog is properly forecast, predicted liquid water contents are many

times abnormally large. Since an operational model must be able to handle all types

of conditions and LWC must eventually be used in the forecast interpretation, we do

not at this time recommend use of Wurtele's model in lieu of HOC in operational

forecasting unless the indicated problems with the HOC model cannot be solved.

The NPS model does reasonably well on short-term, neutral boundary layer

stratus lowering cases, but its long wave radiation package generates too much cooling

for an entire night. Further, this model can only produce well-mixed lapsed temperature

conditions, which limits its performance in stable situations. However, it runs extremely
quickly, and can be operated on current desk-top computers. For these reasons, we

recommend that it be considered as a candidate operational method for obtaining a

"quick-look" forecast, especially when a short term forecast is required and neutral to

unstable conditions such as West Coast stratus are expected. Operational circumstances

may at times dictate the use of some simplified numeric approach such as NPS' slab

model.

3.2 SUMMARY OF SYNOPTIC/STATISTICAL MODEL TESTING

Assessment of the non-numerical techniques required a more qualitative

approach than did assessment of the numerical models because predictions for only six

cases were not judged sufficient to fully evaluate synoptic/statistical type forecast

models. Since these procedures basically provide a yes-no forecast of fog occurrence,

proper evaluation of the synoptic-type procedures requires a statistical test on an

appropriately large data sample. Although such a test has been done previously on one

of the synoptic models, such comprehensive tests on the other synoptic models were
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outside the scope of the current contract. Therefore, evaluation of the synoptic models

was based not only on skill with the six test cases b'it also on a critical examination of

the technical, predictive capability of the model elements and the physical ck ntent of

the models.

3.2.1 Synoptic Model Selection

From a potential list of approximately 10 non-numeric forecast approaches,
four were ultimately selected for testing while several others were evaluated based on

their conceptual design and physical content. The models which were selected for

testing on the six data sets (previously described in Section 3.1.2 and Appendix B)
included the following: Calspan's Decision Tree (Ref. 18) developed under an earlier

NASC contract; Leipper's Indices (Ref. 30), an approach used operationally at North

Island NAS (Ref. 31), Leipper's Inversion Statistics (Ref. 32) and Calspan's Inversion

Statistics Model, developed under the current contract (see Section 5) and patterned

after Leipper's. In this Section, emphasis is placed on the results of testing these four

models on the six test cases. Additional discussion of these and other forecast procedures

not tested can be found in Appendices A and C. Calspan's preliminary Decision Tree

(the version tested on this program) is reproduced in Appendix D.

Salient features of the models which were selected for testing are shown

in Table 7. Detailed information on the characteristics of all the synoptic/statistical

models is provided in Appendix A. The key predictive element in the models listed in

Table 7 is the height of the inversion. For the Leipper Indices model, an inversion

below 400 m contributes a "yes" for fog occurrence. In the two inversion statistics

models, the inversion height provides the predicted visibility (a probability value) through

frequency-of-occurrence statistics, while in the Calspan Decision Tree both fog

occurrence and phenomenology are functions of inversion height. With the exception

of the Decision Tree's Part I which attempts to link synoptics to inversion height, a

forecast of inversion height is crucial to the application of any of these models.

3.2.2 Evaluation of Synoptic Model Performance

Despite the belief that the six test cases are not sufficient for statistically
meaningful evaluation of the synoptic approaches, for reference and comparison with

the numerical models evaluation, this set of forecast procedures was exercised objectively
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on the six data sets and assessed subjectively by the Calspan principal investigators

and staff meteorologists. The results from these tests are presented in Tables 8 and 9.

Table 8 provides the actual forecasts produced by the models compared

with verification and persistence forecasts. In the table, the Calspan Decision Tree

results presented in the first row represent the consensus of all "forecasts" made using

both Part I of the procedure which determines the inversion height from the synoptic

patterns and Part 2 which provides the fog forecast from knowledge of inversion height.

The second row of results for the Decision Tree was generated by using the verification

inversion height as input to the fog forecast portion (Part 2) of the model. Verification

inversion height was also used as input to both inversion statistics models. Since the

Leipper Indices model is not designed to use forecast parameters as input, the observed

initial conditions were used as input.

The NA's in Table 8 represent "not applicable" for the following reasons.

The 10-hour verification time for Case 3 was at early afternoon, and the Calspan

Inversion Statistics Model is the only one of these approaches designed for application

at th-t time of day. This same model was NA in Case 2 which had a surface-based

inversion, a condition for which no category is available.

Table 9 presents Calspan's subjective evaluation of the operational utility

of the forecasts produced by synoptic/statistical models, comments on which can also

be found in Appendix C. Examination of the table reveals that the synoptic models as

a group outperformed the persistence forecast. The Calspan Decision Tree with use

of the verification inversion and the Calspan Inversion Statistics model are the only

two methods which scored only one non-competitive mark, both of which stem from

the NA's discussed above. The full Decision Tree produced the greatest number of

NC forecasts and still beat the persistence forecast. The Decision Tree with the

verification inversion, along with Leipper's Indices, generated the greatest number of

verifications.

Analysis of the Decision Tree scores suggests that use of this tool has

merit for the West Coast synoptic patterns for which it was designed. Note that the

Decision Tree tied for the most verifies when the verification inversion was used.

However, it also had the most NC's when Part I was used to provide an inversicn height

as input to Part 2. In the latter format, the NC's for Cases 2 and 5 are not surprising
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since these cases were stable atmosphere, advection-fog situations in the western

Atlantic, circumstances for which the inversion height vs. synoptic pattern portion of

the model was not designed. Both NC's are upgraded when the observed inversion

height is used, thus substantiating that the problem with applying the Decision Tree

occurred in the inversion height specification part. The only NC which occurs in both

tests of the Decision Tree is the daylight portion of Case 3, a time of day which is

not included in the model's present design but which is being investigated under further

development of the Decision Tree Model. For the other cases involving a marine

boundary layer of finite depth, the Decision Tree functioned as designed and verified;

it also provided phenomenological information relative to the fog forecast.

The Leippe Indices approach produced the same number of verifies as

the Decision Tree which used the observed inversion height, primarily because the

Indices Model verified for the advection-fog type cases (numbers 2 and 5) but not

necessarily for the proper physical reasons. Since these cases were characterized by

a surface based inversion (with the lowest air temperature very near that of the sea

surface), the indices for inversion height, upper air temperature and low level moisture

(which were designed for the stratus lowering situation) were also satisfied for the

advection fog situations. In addition, these advection fogs occurred under cloud free

and dry conditions aloft, and the condition of low mixing ratio aloft was also satisfied.

All the indices were, therefore, "yes" and the technique forecast fog for the advection

fog cases.

Like the Decision Tree, the Indices model will nearly always forecast fog

if skys are clear and an inversion exists below 400 m. However, as is the case for

the Decision Tree, the Leipper Indices are not designed around the physics of advection

type fog, and we cannot, therefore, recommend using either approach for this fog type

until a proper statistical test demonstrates suitability. However, the Indices are

objective and, in the absence of any other forecast approach, can provide a forecast

which can be better than persistence, particularly for West Coast circumstances. In

fact, results of a recent statistical study of the Indices' capability (Ref. 33) suggest

that the technique does have merit, especially when its objectivity is considered.

Of the non-numeric techniques tested, the inversion statistics approach

probably offers the most promise in providing objective, yet quantitative forecasts in
the realm of marine fog. These relatively new models provide a probability of visibility
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forecast, as a function of inversion height, based on frequency of occurrence data;

hence, they are probably site and circumstance specific. For example, both of the

models tested here were developed from slightly inland West Coast marine inversion

situations: Leipper's from Monterey surface data and morning Oakland soundings, and

Caspan's from Monterey surface -ata and 24-hour Monterey acoustic sounder records.

Further, the capability of these models to produce operationally useful forecasts is also

dependent on the size of the data set from which they were derived and the resolution

afforded by the data classifications. Finally, these models require a forecast of inversion

height for the verification period. Despite these caveats, the models produced

quantitative forecasts and scored quite well on the six test cases, none of which

occurred inland at Monterey.

The forecasts produced by the inversion statistics models for the six cases

are provided in Table 8 in terms of percent probability for the visibility categories

0.5 mi, 4 1.0 mi and A 3.0 mi; hence, the scoring shown in Table 9 was necessarily

very subjective. Note that Leipper's model lacks the * 1.0 mi category (resolution)

and, largely for this reason, scored close (+) rather than verify for four cases. Calspan's

model scored verify on four cases but rated close (-) on two others (cases 3 and 6 on

which it should have done well) because the verification hour fell near the cut-off for

the nighttime category and possibly because the model uses inland data in which late

evening visibility can be effected by residual daytime heat. Leipper's model had an

NA=NC in Case 310 because it contains no daytime statistics and Calspan's model had

an NA=NC in Case 2 because it contains no zero height (ground-based) inversion data.

Both inversion statistics models are based on data for Monterey, and

studies are required for additional sites along the West Coast to determine the

universality of the concept and/or the existing models. While a recent pilot study,

carried out in parallel with this contract by Dixon (Ref. 34), indicated that the inversion

statistics approach did nnt work well along the Santa Barbara Channel at Point Mugu,

Beardsley's work (Ref. 35) suggests that the approach is applicable along the coast

northward from Monterey to at least San Francisco. Earlier studies by Calspan suggest

that it is applicable at least as far south as Point Conception (Ref. 36) and within

several hundred kilometers offshore (Ref. 2,3,12). From our knowledge of the technical,

predictive capability and the physical content of the synoptic/statistical models, we

think that the approach can be operationally useful and recommend that inversion

statistics be pursued on an individual basis for sites along the west coast of continents

37

i.



and generalized for at-sea usage. In addition it is suggested that these models be
formulated so as to provide resolution for light, moderate and dense fog and to define

time periods which are more representative of fog occurrence and phenomenology than

in current models.

Until a reliable, mesoscale forecast of inversion height becomes available

in large scale numeric forecasts or from mesoscale numerical models such as described

in Section 3.1, an inversion height derived through use of numerically predicted synoptic

patterns and Part I of the Decision Tree Model may be the best approa, h to providing

this information for the inversion statistics models. It should be recognized, however,

that the current inversion statistics models were developed from West Coast d ta and

should not in practice be applied to surface-based inversions associated with advection

type fogs. Sites without numerical capability or visibility vs inversion statistics could

use the entire Decision Tree with the phenomenological fog models in Part 2, the fog

forecast portion. Sites with no forecast material available could default to the Leipper

Indices approach for an objective forecast but should recognize its limitations and rely

heavily on the subjective, phenomenological approach to help in interpretation of such

fog forecasts. These ideas are elaborated in Section 4 which follows and which discusses

a potential design for a fog forecast system which could aid the forecaster in the

determination of the most appropriate forecast approach.
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Section 4

A FORECAST SYSTEM FOR MARINE OBSCURATION

Since 1972 Calspan was actively involved in the Navy's Marine Fog

Investigation (MFI) with the broad objective of improving Navy fog forecast capability.

Early at-sea studies conducted by Calspan generated much new knowledge of the physics

and meteorology of marine fog occurrence and helped revise widely-held theories of

marine fog formation. These and later studies produced phenomenological descriptions

of a number of fog types and developed synoptic and statistical relationships which can

be used in operational forecasting of marine fog. More recently under the current

contract, we conducted an impartial evaluation of the potential utility of a select group

of existing numeric and synoptic models in tne operational forecasting of marine fog

(see Section 3).

As a chief objective of the current contract, we initiated design of an

obscuration forecast system which, when fully developed, would incorporate this new

understanding of marine fog occurrence and delineate the application of specific numeric

and/or synoptic and statistical approaches; i.e., the system would specify a forecast

tool(s) tailored to the attendant meteorological scenario and functional within operational

constraints. The conceptual design of this system is discussed in Section 4.2. Detail

on how the system could be configured and how the new knowledge of the physics and

meteorology of marine fog occurrence could be employed in operational forecasting

may be found in Section 4.3. A summary of state-of-the-art knowledge of marine fog

occurrence, developed by Calspan under earlier NASC contracts, is provided in Section

4.1 and Appendix E.

4.1 A SYNOPSIS OF MARINE FOG OCCURRENCE

As a result of numerous at-sea observational programs, particularly those

conducted by Calspan off the West Coast during the mid-Seventies, knowledge of the

micro- and mesoscale physical and dynamic characteristics of marine fog has been

substantially increased (e.g., Ref. 2,3,6,12). Physical models have been formulated to

describe the formation and persistence of stratus-lowering fog and at least three other

previously unidentified types of marine fog which occur off the West Coast: fog

triggered by instability and mixing over warm water patches, fog associated with low-
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level mesoscale convergence, and coastal radiation fog advected to sea with subsequent

horizontal mixing.1 Further, it has been found that the triggering of embryonic fogs

and subsequent downwind growth can produce a synoptic-scale fog-stratus system and

be responsible for redevelopment of the unstable marine boundary layer after Santa

Ana events along the West Coast (Ref. 15).

Limited observations off the coast of Nova Scotia and in the northern

Gulf of Mexico suggest that similar processes and fog formation mechanisms are also

operative in those areas. However, the data also reveal some major differences in the

relative contributions of the various factors involved in fog development and show that

marine fog can be triggered or developed through mechanisms (such as by advection

over cold water) not yet observed off the West Coast. Further, while fog was observed

to form off Nova Scotia both through advection and mixing processes over warm water

and through the radiation-driven stratus-lowering mechanism, the most dense fog (lowest
visibility) was generally observed farther downwind where the fog subsequently advected

over much colder water-i.e., lowest visibilities were clearly associated with the coldest

sea surface, but most of the fogs were not triggered by the cold water patches. These

results are not unexpected since, while the same physics should apply, the meteorology

and oceanography of the three areas are substantially different (Ref. 8 and 18).

Detailed analyses of the observations have revealed that formation and

persistence of the fog types described above is dependent on the dynamic interaction of
a number of boundary layer processes along with meteorological and oceanographic

features linked from the microscale to the synoptic scale. For example, Calspan data

have conclusively shown that while heat transfer from air to ocean can be responsible

in some instances for triggering fog formation, the direction of heat transfer is always

the reverse after fog forms due to net radiative cooling of fog liquid water. Dynamic

processes associated with radiative cooling at upper levels of embryonic fogs and

warming from below are primarily responsible for continued development and persistence

of all deep marine fogs. Further, our observations have verified the necessity for a
capping inversion at a height of less than 400 m for dense fog occurrence at the

surface and demonstrated the relationship (at sea) between the relative heights of the

inversion and the lifting condensation level and its influence on the formation of stratus

and subsequent obscuration at near-surface levels. Similarly, the development of synoptic

I These fog types are discussed in greater detail in Appendix E.
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scale fog-stratus systems evolving from microscale boundary-layer exchange processes

which trigger embryonic fog also demonstrates the existence of links between the

micro-, meso- and synoptic scales (Ref. 15).

In terms of fog microphysics and density, direct relationships between the

ambient aerosol population and the microphysical characteristics of marine fog have

been demonstrated. Calspan data show that the marine aerosol population, which

becomes increasingly less continental and drops markedly in number concentration with

increasing distance offshore, varies considerably, both spatially and temporally, in both

concentration and chemical composition and does not necessarily comprise primarily

sea salt aerosols (Ref. 8,ll,12,13,14,19). On the other hand, the liquid water generated

by processes which produce dense fog is relatively conservative compared to variations

in aerosol content. Hence, higher concentrations of condensation nuclei generally give

rise to fog droplet populations with greater numbers of smaller drops, resulting in fogs

of lower visibility. As a result, for a given liquid water content, fogs formed immediately

along a coastline or downwind of land masses tend to exhibit lower visibilities than

those occurring farther to sea or upwind of aerosol sources (Ref. 8,12 19).

Key factors in the occurrence of marine fog, particularly along the west

coast of the United States, include the open-ocean marine layer which is modified by

cold water in upwelling areas, adjacent patches of warm and cold water in the upwelling

zone, low-level subsidence such as found in the semi-permanent subtropical high, and

coastal mountain ranges. In order for marine fog to develop, these elements must

combine to produce a relatively shallow marine layer, capped by an inversion whose

strength and height are controlled by a balance between dynamic vertical motions aloft

in the layer up to 1500 m and thermodynamic processes within the surface marine

layer. Superimposed on this general situation are the influences of migrating mesoscale

systems and their dynamic vertical motions, downslope motion, the land/sea breeze

cycle, low-level convergence patterns, the height of the lifting condensation level,

airmass aerosol characteristics, and radiation from condensed liquid water and coastal

land surfaces. Marine fog rarely develops if high clouds prevent net radiative cooling

within the marine boundary layer or if the marine boundary layer is greater than 400 m

in depth.

Dense fog seldom exceeds 400 m in total thickness; therefore, dense fog

will not exist at a point which is more than 400 m below the base of the marine
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inversion unless a secondary surface-based inversion is first established. When the

inversion is at heights higher than 400 m, 400 m thick stratus can develop, and reduced

visibilities (dense haze) can occur in the high relative humidity zone beneath cloud

base. The situation is described by the model of a stratus cloud at the top of a

well-mixed layer: wet adiabatic lapse rate and consequent LWC profile (Ref. 37) within

cloud and dry adiabatic temperature structure and RH profile below cloud base.
Visibilities are dependent on the aerosol burden and the relative humidity structure, but

in the mean can be related to distance from cloud top-i.e., the inversion height (see

Section 5).

As suggested, sea fog occurs in the surface marine layer, and, given a
variety of trigger mechanisms, its occurrence is primarily dependent on the height,

fluctuations and strength of the inversion which caps the marine layer. Study of

synoptic sequences and associated fog episodes has shown that fluctuations in the height
of the marine inversion over periods of days are generally caused by evolution and

movement of both large and small scale synoptic disturbances. It is the vertical motion

in these disturbances and flow patterns in the layer up to 1500 m which control the
height of the inversion. (Superimposed on these vertical motions are downslope motions

along the coast, the land/sea breeze cycle and the influences of convergence-induced

vertical motions such as have been documented in the vicinity of prominent points

along the coast and over warm water patches.) These flow patterns are manifestations

of (1) slowly-moving long-wave systems, (2) large-scale synoptic systems whose driving
forces operate at mid-atmospheric levels, and (3) small-scale synoptic systems

concentrated in the 500-1500 m layer. Our studies suggest that inversion height along

the West Coast can be related to these types of flow regimes (Ref. 18 and Appendix D).

Thus, forecasting the occurrence of marine fog requires information on

the structure of the mari-e inversion, the sea surface temperature pattern, surface to
850 mb synoptic and sub-synoptic systems ( nd by implication, the wind field in the

layer up to 1500 m) and knowledge of their impact on height and strength of the

inversion, the height of the lifting condensation level or surface-level temperature and

dewpoint, the potential for influence of downslope motion, subsidence, the land/sea-

breeze cycle and convergence patterns on inversion height, and the potential for long-

wave radiation from either condensed liquid water or coastal land surfaces. An improved

fog forecast capability based on physics and meteorology requires knowledge of the
physical characteristics and dynamic processes attendant to various fog types
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and an understanding of the links in these processes from the microscale to the synoptic

scale. Operationally, this understanding must be factored into attendant meteorological

and oceanographic circumstances to produce a fog forecast.

It should be recognized that the understanding and information required

for development of the ultimate fog forecast capability also has direct applicability to

the Navy's electro-optic obscuration and propagation problems. The same physics,

dynamic processes and aerosols which lead to visibility restrictions due to development

of a supersaturation (fog/stra'us), first, and probably more frequently, lead to obscuration

through increases in relative humidity (below saturation) and growth of hygroscopic

aerosols to form "clear air" visibility restrictions (haze). In the haze situation, the

aerosol population (size spectra and composition) and relative humidity structure are

variables which must be estimated in order to produce useful visibility forecasts.

In summary, Calspan's efforts have produced a substantial portion of the

basic knowledge and current understanding of marine fog occurrence. Certainly, the

elucidation of four mesoscale fog types, the concept of a synoptic scale fog-stratus

system, the demonstration of the important influences of the marine inversion, the

lifting condensation level, radiative flux divergence, warm water patches, low-level

convergence and the ambient aerosol population, the linkage of dynamic vertical motion

at low altitudes in meso- to synoptic scale systems to the height and strength of the

inversion (Ref. 18), ani the demonstration that certain fog features are recognizable

from current meteorological satellites (Ref. 6) is knowledge which can lead to some

immediate improvement in fog forecast capability particularly along the West Coast.

In recent years we have begun development of experimental tools such as

the Decision Tree (Ref. 18) and the Inversion Statistics model (see Section 5) in an

attempt to link the physics of fog formation to the meteorological scenarios which

typically give ris, to marine fog. Under this current contract, we have been carefully

examining these and other MFI achievements of the Seventies in a search for methods

for utilizing this new understanding in the operational forecasting of marine fog. All

questions have not yet been answered, and gaps in our knowledge remain. However,

the recommended rational ass mbly of this new knowledge, coupled with the best of

newly-developed numeric, synoptic, statistical and phenomenological models for marine

fog and the marine boundary layer (see Section 3) is expected to lead to improved,

operationally-useful forecast schemes. A preliminary version of a forecast system for
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marine obscuration, which attempts to incorporate the fruits of the MFI, is outlined in

the next Section.

4.2 SUMMARY OF THE BASIC CONCEPTS OF CALSPAN'S PRELIMINARY

DESIGN FOR AN OBSCURATION FORECAST SYSTEM

The following summarizes Calspan's preliminary design and basic concepts

for an obscuration forecast system. The system is designed to guide the forecaster to

the appropriate forecast procedure within the context of available data, available

computational capabilities, operational constraints and the most likely meteorological

phenomena. Determination of the latter is based on much of the new knowledge of

the physics and meteorology of marine fog occurrence developed from the Navy's Marine

Fog Investigation. Determination of the former is based on the ability of specific

forecast tools to handle the anticipated meteorological scenario in the context of

available initialization data. It is recommended that the system incorporate

approximately three different numerical models and approximately five synoptic/

statistical approaches from which a selection(s) can be made.

The system described here is intended for use in operational scenarios

ranging from the battlegroup to single stationc. For eventual integration into the

Tactical Environmental Support System (TESS), it should utilize anticipated TESS

observational, computational and graphics capabilities. The most sophisticated of the

numerical models available for use in this forecast system require computational

capabilities which should be locally available when TESS becomes operational. With

appropriate provision for look-up tables, data estimation and manual decision-making,

the envisioned forecast system (in hard copy) would provide a significantly enhanced

obscuration forecast capability even for data- and computer-poor, isolated single stations.

In a 'tactical applications guide' format, the knowledge derived from the MFI could

also serve in the training of new forecasters.

As envisioned, the forecast system would comprise a set of procedures
each of which would be keyed to forecasting a specific type (or set) of obscuration

phenomena. Conceptually, a guide would be designed to aid in the preliminary

determination of the obscuration type(s) most likely to occur in the existing

meteorological scenario and to then determine which forecast procedure or tool(s) should

be applied. However, data availability may range from single station observation to
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battlegroup observations to synoptic scale analyses, and forecast requirements will range

from very short to long-term; forecast procedure utilization would be affected

accordingly. Therefore each procedure would also have different levels of application

designed on input data availability: i.e., in some instances a certain numerical model

might be called for; in other situations, sufficient data may not be available to properly

initialize a more sophisticated numerical technique, and less sophisticated numerical,

statistical or synoptic approaches may be required; in still other situations, computer

facilities might be incapacitated or not available, and the determination would default

to the best synoptic and/or statistical approach for the anticipated obscuration

phenomena.

Practical applications of such a forecast system will occur with sets of

situations, data availability and computer capabilities which lie somewhere between the

extremes suggested above. A procedure, such as outlined schematically in Figure 1,

c-n be designed so that if the input data for the numerical models were not directly

available from observations, appropriate approximation for the data could be provided:

e.g., estimation of vertical soundings from surface temperature and dewpoint observations

and estimates of boundary layer depth. The system, whose conceptual design is discussed

here, could be organized in a decision tree format. It could consist of a series of

questions and answers to determine from the meteorological scenario the most likely

phenomena to be encountered (a preliminary forecast) and the forecast approach which

could be best utilized given the available data.

In summary a combined numeric and synoptic approach is recommended

in which synoptics and phenomenology could be used to help initialize, to help select

appropriate numerical forecast models, to help interpret numeric results and to serve as

a back-up forecast tool. The obscuration forecast system described herein could be

developed exclusively from existing knowledge, procedures and numerical models for

application with current, operationally-available data. The system could make maximum

usage of the new knowledge of physics and meteorology of marine fog generated by

theNavy's MFI, useful knowledge which has yet *o find its way into the operational

realm. The system could also take advantage of recent evaluations of numerical models

and other forecast tools. As currently envisioned the recommended tools for use in such

a system include: Burk's HOC model, Tag's K-theory model, the NPS' mixed-layer

model, Renard's MOS model, improved versions of Calspan's Decision Tree and Inversion

Statistics models, Leipper's Indices, climatology and persistence. It is also recommended

45

r .4,



Figure 1
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that provision be made for eventual use of Gathman's aerosol generation model,

Fitzgerald's microphysics model, and Calspan's LWC algorithm (Ref. 37), constructed

soundings and aerosol climatology models. It is estimated that such a system could

be designed with an approximate one-man-year effort. Preliminary testing and

development of the concept into a computer-interactive system could require an

additional one-man-year effort. Operational testing and advanced development would

require additional effort.

However, some gaps remain in our knowledge of marine fog behavior in

remote ocean regions and areas other than west coasts. It should be recognized that

most of the krowledge and concepts developed through MFI efforts focus on West Coast

fog scenarios. The limited studies of marine fog at other locales suggest that the

physics and trigger mechanisms observed off the West Coast are operative elsewhere

while the meteorology and oceanography which give rise to these conditions are different.

Mid-ocean fog development is undocumented and remains a major gap in our knowledge.

Synoptic technqiues and numerical models, which were 'tuned' by West Coast fog

conditions, may not be as functional in the meteorological scenarios of other locales.

Further, many of these models, including synoptic/statistical approaches, are untested

in the data-sparse operational environment. We therefore recommend that some limited

additional research into these aspects be undertaken. Results of such applied studies

should significantly add to our confidence in the knowledge of marine fog behavior and,

consequently, in the validity of numerical models, in the utility of the forecast system

and in the accuracy of forecasts.

4.3 DISCUSSION OF A POTENTIAL CONFIGURATION FOR AN

OBSCURATION FORECAST SYSTEM

In the preceding discussion, the conceptual design of Calspan's

recommended forecast system was discussed and presented schematically in Figure 1.

In summary, we envision a combined numeric and synoptic approach in which synoptics

and phenomenology (such as discussed in Section 4.1) are used to help select and

initialize the most appropriate forecast tool available (for the anticipated meteorological

scenario a-d in the .'ioattxt of operational constraints), to help interpret numeric results,

and to serve as a back-up forecast tool. The following discussion provides detail on

how the system could be configured and describes how new knowledge of the
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physics and meteorology of marine fog occurrence could be employed in operational

forecasting.

4.3.1 The Framework

The envisioned system comprises three basic components: (I)

phenomenological description of obscuration phenomena and determination of anticipated

phenomena in the context of the anticipated synoptic/mesoscale meteorologic scenario;

(2) determination of available initialization data and the anticipated meteorologic

scenario and provision for estimation of required initialization data not locally available;

and (3) selection and exercise of the most appropriate forecast tool for the anticipated

meteorologic phenomena (in the context of data availability and operational constraints)

and interpretation of numeric output as required. The heart or basic framework of

the system is the logic for the required decision processes: "What are the criteria?

What are the questions? What are the decisions? Which predictive tools should be

used and under what circumstances?" Generation of the logic and determination of

the decisions to be made within and interactively between these components is required

as the next step in development of the system outlined below.

The major parts or operating steps of the forecast system diagrammed in

Figure I are shown schematically in Figure 2. The starting point is a user-supplied

requirement for a forecast of obscuration at some density level and time in the future.

The user's need-to-know requirement may range from conditions of mild to severe

visibility restriction, (i.e., > 10 km to 4500 m, light haze to dense fog); and time frames

of the forecast may range from the very near-term (1-2 hours) to 12 to 24 hours.

Distances from the current ship location and size of the forecast area will also vary,

largely in tune with the time scale of the forecast. Thus, the forecast system must

be able to handle conditions covering a wide spectrum of visibility restrictions and

time and space scales to be operationally useful.

Given that no single forecast tool can suffice for the variety of operational

circumstances and constraints and meteorological scenarios likely to be encountered,

between the request and the forecast there can be a process or series of decisions to

assist the forecaster in the selection of the most appropriate forecast tool. For

example, in the context of the attendant meteorological situation, an initial estimate

of most likely obscuration phenomena could be developed from phenomenology (see
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Figure 2

OVERVIEW OF OBSCURATION FORECASTING SYSTEM
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Section 4.1 and Ref. 8, 15) and would materially aid in determining the ultimate

forecast. In the case of sufficient data, the estimated obscuration phenomenon could

play a large role in the selection of the optimum forecast approach by the forecast

system. When sufficient data are not available to initialize a numerical model or other

forecast technique, a synopsis of the obscuration's phenomenological behavior, by itself,

could provide forecast information not otherwise available. In the event that the

forecast system elects a numerical model to make the forecast, knowledge of

phenomenological behavior could be used to help interpret numeric output.

The selection of the most likely obscuration phenomenon requires knowledge
of the evolving meteorological scenario which implies a certain level of data availability.

The synoptic scale meteorological scenario is ascertained routinely in operational weather

offices; but selection of mesoscale obscuration phenomena requires that attention be

given to the mesoscale space and time scenario, and, thus, more detailed local data

are required. In addition, for a given obscuration phenomenon, a set of forecasting

approaches exists which can be ranked according to the amount of input data they

require. For example, higher order closure models require more detailed information

in the vertical than do mixed-layer models. In the contemplated forecast system, these

data requirements would be compared to available data until a match is found and the

forecast approach is determined. In the event that some or all mesoscale data are

missing, provision could be made for estimation of some variables so that a 'library'

forecast tool could be used.

4.3.2 Data Availability and Estimation

The design of the scheme presented in Figure 2 must be carried out in
the context of the operational world of a ship at sea in which available data may vary

from one extreme of having all possible data on hand to the other extreme of having
only those data which can be observed from that ship alone. As previously discussed,

determination of both the meteorological scenario and the forecast approach is directly

influenced by data availability. Figure 3 shows a schematic of a simple process for

determining what data are available. The sample list of potential data is ordered from

large to small meteorological scale as well as ordered by scale of communication

distance involved. The schematic also indicates that if a piece of data is not directly

available, then the question, "Can it be estimated?" is asked. If so, a library of
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estimation procedures can be called upon to provide the required initialization

parameters.

In a new forecast scheme which anticipates use of 'research' models for

operational forecasting, provision must be made for estimation of missing data. From

our numerous at-sea fog studies and our recent experience in generating data sets and

testing of fog forecast tools, we have developed considerable background knowledge in
data availability and quality and the irput data requirements of the numerical models.

It is our belief that, in the absence of specific data, certain parameters may be

estimated with sufficient accuracy from currently available knowledge and techniques.

Such estimated data may include vertical profiles of temperature and humidity, mean

laver-temperature, boundary layer depth, sea surface temperature patterns, stratus
thickness (top and base heights), liquid water content profiles, aerosol loading and/or

visibility. Some variables will be easy to estimate; others, more difficult. Estimates

could be generated through simple algorithms or libraries of climatological information
with use of single station observations such as surface temperature and relative humidity,

sea state, cloud height, etc. Satellite derived information about cloud top and sea

surface temperatures could be of considerable value in this process.

The sample list of data-to-be-estimated focuses on mesoscale parameters.

Techniques to estimate these parameters from information provided on the battlegroup

scale down to that provided by a single ship need to be developed and programmed for

the system. Similar lists of data-to-be-estimated can be prepared for other scales for

the variables shown in the potential data list, such as hemispheric analyses and forecasts

from FNOC.

4.3.3 Selection of Potential Obscuration Phenomena

A principal process in the forecast system shown in Figure 2 is the selection

of the obscuration phenomenon most likely to occur in the context of the evolving

meteorological scenario. The meteorological scenario is ascertained first before the

most likely obscuration phenomenon is selected. Obviously, the ability to retermine

both the meteorological scenario and most likely obscuration phenomena implies a

certain level of data availability, whether actual measurements or estimated values.

Thus, an interaction and feedback between data determination and phenomenological
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estimation is required. These interlinked selection processes are shown schematically

in Figure 4.

Selecting the most likely obscuration phenomena from the meteorological

scenario presents special requirements in terms of mesoscale space and time

meteorological parameters. Determining the large-scale meteorological scenario from

synoptic scale weather information is a routine task at every weather office. However,

specialized procedures, such as Calspan's Decision Tree (see Appendix D), which will

characterize this meteorological scenario in terms of both the large-scale synoptic

situation and the mesoscale components, can be designed. For example, in fog forecasting

in general, the location of the forecast area relative to areas of vertical motion

associated with synoptic scale highs and lows must be determined, inversion height must

be estimated and the surface wind flow relative to the mesoscale pattern in sea surface

isotherms must also be defined.

Research has shown that a number of basic types of sea fog occur - e.g.,

stratus lowering, low-level convergence, cold water advection, low-level mixing over

warm water, and coastal radiation - and, although primarily driven by micro- to

mesoscale physical processes, the fogs form and evolve within the context of synoptic

and mesoscale meteorological circumstances. For example, warm water mixing fogs

and cold water advection fogs do not form unless a surface-based (perhaps secondary)

inversion is first developed. As another example, stratus lowering (thickening) fog does

not occur unless the subsidence inversion is below 400 m, a situation which occurs

when the synoptic scale downward motion in the warm air above the inversion pushes

it below 400 m. Further, if the inversion is pushed below the LCL, stratus lowering

fogs cannot form, and the situation can be conducive to coastal radiation and shallow

advection/mixing fogs. Such downward vertical motion aloft can be found at the eastern

end of the semi-permanent subtropical highs (west coast of continents), the west side

of an oceanic high undergoing anticyclogenesis, in sb-synoptic scale anticyclonic

patterns, or in downslope flow off coastal mountain ranges.

Descriptions of linkages between fog types and characteristics and synoptic

and mesoscale patterns, which are discussed in Section 4.1, Appendices D and E, and

Ref. 1-19, need to be condensed and organized in logical sequence for use in the

selection of most likely obscuration phenomena by the forecast system. Such a Synopsis

of our current understanding of the phenomenology of marine fog occurrence would
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Figure 4
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materially aid the forecaster and the forecast recipient in their understanding of the

forecast phenomenon, even if a numerical model were used to provide the base forecast.

The logic, content and computerization of this selection process should be designed

around information which could be either computer accessible or readily available in

hard-copy format to the user. In a 'tactical applications guide' or other hard-copy

format and with appropriate provision for look-up tables and manual decision-making,

such a guide would be a useful forecast tool for computer-poor, isolated single stations

and could even serve in the training of new forecasters.

The information now available for generating such a synopsis was developed

chiefly from studies of West Coast fog. Some very limited data from other locales

and our knowledge of fog physics suggest that, while the oceanography and meteorology

may differ, the basic phenomenology and physics of fog occurrence should remain

universal. Verification of the universality of the physics of fog occurrence and its

correlation with attendant meteorological regimes elsewhere, would increase confidence

in the Synopsis and broaden the applicability of all forecast approaches for marine fog.

It is, therefore, suggested that some limited, combined climatologic-synoptic review of

fog occurrence elsewhere (perhaps in the North Atlantic) be performed as part of the

development of a synopsis of fog phenomenology.

4.3.4 Selection of a Forecast Method

Figure 5 outlines schematically a procedure for selection of a forecast method for

previously determined obscuration phenomena. Basically, for each obscuration

phenomenon, there is a set of appropriate forecast approaches which covers a spectrum

of input data requirements. In terms of amount of data required, these approaches can

be ranked from numerical methods, such as higher order closure turbulence models, at

the top through mixed-layer, phenomenological and statistical models and down to

persistence. The selection process would involve matching each approach's data
requirements against the available data for the level of forecast required. Further, if

only minimal data were available (e.g., that which can be observed from a single ship),

then the selected forecast approach would default to that one which requires the least

amount of data, yet is still best for the anticipated obscuration phenomena. Again,

note that the selection of a forecast tool would be a multiple-interactive procedure
linked to data availability, computer availability and a model's capability to handle a

given meteorological situation.
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Figure 5

DETERMINATION OF FORECAST APPROACH
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The major development effort required for this portion of the system

revolves around the design of logic and content for the processes involved in selection of

a forecast approach. For operational purposes, different phenomena can be forecast

with specially tailored synoptic and statistical fore-ast approaches which have individual

input data requirements - e.g., use of the Decision Tree or Inversion Statistics models

for stratus-lowering requires inversion height information. These same phenomena also

require different input data if they are to be forecast from within the spectrum of

the more sophisticated numerical models. For example, simulation of a stratus cloud

thickening and lowering to form surface fog by HOC models requires a liquid water

content profile as well as fine resolution on the atmospheric stru ture near the inversion;

simulation of advection fog on the other hand does not need this information but

requires data on the particular sea surface temperature pattern.

For the numerical models, certain restrictions will occasionally limit their

overall utility in the operational realm. If sufficient data and computationul resources

were always available, there is no question that an HOC model should always be used,

and there would be no need for this forecast system. In the real world, data will be

missing or the main computer will occasionally be down or otherwise unavailable, and

the unguided forecaster might elect to use a less sophisticated mixed-layer model which

could be run on a desk-top computer. However, if a -table boundary layer situation

were indicated, the mixed-layer model would not be suitable. With a properly designed

forecast system, the forecaster would be lead to the appropriate tool.

For each phenomenon and each operational scenario, certain data are

crucial to making a detailed specific forecast. Without these data, the forecast will

be more general. Further, a numerical model will provide a specific mesoscale forecast

over a specified trajectory, while a synoptic/statistical approach will produce a more

general wide-area forecast. The data necessitated by a given phenomenon or forecast

requirement need to be ranked according to their impact on the forecast. By testing

for the existence of data which are ranked according to their importance relative to

the forecast requirement, the selection of a forecast approach can be made efficient

and expeditious.

Finally, once a forecast tool has been selected and operated, its numeric

output must be interpreted. Current numerical models produce LWC or RH profiles,

and use of microphysics and aerosol generation models (or some algorithm) might provide
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a means for estimating visibility. Or, in addition to the prescribed prime forecast

approach, other forecast tools could be run to provide increased confidence or additional

information. For example, an inversion statistics model could provide the forecast of

visibility given a numerically-predicted boundary layer depth and/or cloud top for use

as the inversion height value. Perhaps most importantly, the wealth of understanding

of the phenomenology of marine fog (trigger mechanisms, life-cycle characteristics,

physical features, etc.) and of the linkage of marine fog occurrence to synoptic scale

features can provide operationally useful forecast information and interpretation (of

numeric results) which is not available as output from any numerical model.
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Section 5

SUMMARY OF MARINE INVERSION STUDIES

5.1 INTRODUCTION AND BACKGROUND

The presence of a marine inversion at or below 400 m has long been

known to be a necessary condition for the occurrence of marine fog along the West

Coast of the United States (e.g., Ref. 3,15,30,38, and Section 4.1). Further, a recent

pilot study (Ref. 32) suggested a relationship between inversion height and visibility

values in fog, as well as between time of fog onset and duration of fog episodes; but

exploitation of this information for forecasting fog requires knowledge of processes

which control the height of the inversion. More recently, study at Calspan (Ref. 18)

demonstrated a qualitative relation between synoptic scale flow patterns and the height

of the inversion, the link between the two being the vertical motion in the warm air

above the marine boundary layer. However, while considerable qualitative information

about inversion height fluctuations has been collected via case studies, very little is

known quantitatively about the scales of fluctuation of inversion height or the

relationships between these fluctuations and meso- and synoptic scale phenomena. As

a task under this contract, Calspan analyzed inversion height data obtained from acoustic

sounder records to study various aspects of marine inversion height behavior.

Since about 1975, the Naval Postgraduate School (NPS) operated an acoustic

sounder for measurement of inversion height at sea and on shore at Monterey, California.

For a near-continuous period from October 1975 to September 1976, the device was

operated approximately 24 hours per day at the NPS. Strip chart records' for this

period were reduced and digitized under this contract to provide data for investigation

of inversion statistics. Approximately 1500 hourly observations of inversion height were

obtained from the acoustic sounder record. The corresponding inversion height

measurements were mated with the appropriate hourly surface observations from

Monterey Airport to form a computer-based data set, which could be further processed.

These data were analyzed to provide information: (1) on the statistics of surface

visibility in fog versus inversion height, (2) on the scales of temporal fluctuations of

the inversion, and (3) on the relationship of inversion height to synoptic flow patterns.

1 The acoustic sounder records were graciously loaned to Calspan by Drs. K. Davidson
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The primary result of this investigation is the Calspan Inversion Statistics model which

is discussed in Section 5.2. The model was tested on the model evaluation phase of

this program, and results are included in Section 3.2. Summary discussions of the

results of other analyses of the inversion height data are presentd in Sections 5.3 and

5.4. Detailed discussions of the acoustic sounder data set, its interpretation and

analyses, and case studies can be found in Appendix F.

5.2 THE CALSPAN INVERSION STATISTICS MODEL

The computer-based data set was analy7ed for the distribution of inversion

height by visibility category, and the cumulative perce-tages are shown in Table 10.

When the visibility is less than or equal to 0.5 mile, 92% of the inversion heights are

below 400 m. This result substantiates the well known 400 m inversion height threshold

for fog, i.e., an inversion below 400 m is a necessary but not sufficient condition for

fog occurrence.

For the three visibility categories in the I to 10 mile range (columns 3,4,

and 5), the inversion height at which a givwn cumulative percentage value occurs

increases as visibility range increases, e.g., 80% at 400, 500 and 600 m for 1-3, 3-5, and

5-10 mile visibilities, respectively. This result is consistent with the earth's surface

being located progressively farther below the top of a stratus cloud which is only 400

m thick. With the inversion height below 400 m, the earth's surface is in the cloud

and visibility -C 1 mile occurs. In the 400-450 m inversion height range, the surface is

located just below cloud base in the region of high relative humidity and dense haze

(visibility in the I to 3 mile range). In the 450-500 m range, the surface is in a region

of still lower relative humidity farther below cloud base, and the visibility increases to

3-5 miles.

Exploiting the relationship between inversion height and visibility in the

forecast of fog requires the frequency of occurrence of visibility versus inversion height.

Figure 6 presents these frequencies in cumulative form stratified into arbitrary 6-hour

time periods, starting with the climatologically most favorable period (0100-0600 LST)

for West Coast fog. Note that the highest percentages for visibility 41 mile occur in

the morning hours, almost no fog occurs during the afternoon, and fog frequencies then

(cont.)
and G. Schacher of the Naval Postgraduate School, Monterey, California.
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CALSPAN INVERSION STATISTICS MODEL

Probability of Visibility in Fog/Haze as a Function of Inversion Height
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Figure 6 Calspan Inversion Statistics Model. Cumulative Proba-
bility of Visibility as a Function of Inversion Height.
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increase in the evening period. The presentation provided in Figure 6 is the Calspan

Inversion Statistics Model.

For the early morning hours-i.e., the prime fog period-the fog visibility

versus inversion height relationship shows dense fog (visibility -0.5 mile) occurs most

often at low inversion heights, and higher visibilities with higher inversion heights. In
particular:

(1) With the inversion at or below 200 m, the chance of dense fog is

50% and the chance of visibility c Imi. is 70%. In the 200-300 m

height range, the percentages decrease with the chance of visibility

4lmi at 40%, but the chance of dense fog is only 25%.

(2) In the 300-400 m range there is only a 13% chance of visibility

less than I mi., but a 72% chance of visibility 5 mi.

(3) For inversions above 400 m, visibility occurs predominantly at values

above 3 mi.

In summary, visibility versus inversion height is dominated by a process

in which stratus cloud or fog in the marine boundary layer thickens during nocturnal

hours when there is cooling from net divergence of lcng wave radiation at cloud top.

The visibility values are related to inversion height such that dense fog occurs with

low inversion height and the predominant visibility value increases with increasing

inversion height, primarily as suggested by the model of a 400 m thick stratus at the

top of a well-mixed layer cloud and the reduced-visibility in the high relative humidity

haze region immediately below cloud base.

It should be recognized that the Model formulated here is preliminary and

for a specific, slightly inland site. For operational forecasting, the data presented in

Figure 6 should be stratified by time periods which are better defined according to

known phenomenological behavior of stratus thickening fog. For example, this type of

fog is known to begin in the late evening hours before midnight. Thus the visibility

versus inversion height data for these hours should be included in a time period designed

to encompass the most likely time of fog occurrence, say 2200-0800LST, as opposed to

the 0100-0600 period used in our preliminary Model. Further, the data shown in Figure
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6 are from an onshore site at which heat from the ground (warmed during the day)

probably retards the thickening of the stratus cloud and surface level visibility

deterioration in the early evening. Observations over the ocean show that thickening

stratus typically reaches the surface a few hours earlier and persists a few hours longer

than over land, probably because sea surface (water) temperature is little affected by

insolation. Thus, the data derived from an inland site, for 2200-O800LST for example,

might be best applied over the ocean to the period 2000-100OLST.1 Additional study

is required to establish the appropriate time shifts between fog behavior over the ocean

and at near coastal sites and to determine the universality of the concept.

5.3 TEMPORAL VARIATIONS OF INVERSION HEIGHT

An analysis was performed on the inversion height data to de'ermiie if

lag statistics might be used to forecast the inversion height. Processing of the computer-

based data set consisted simply of advancing forward the prescribed number of hours

and recording the change in inversion height between its initial and lagged value. Table

11 shows the percentage of occurrence of both increase, decrease and zero change in

inversion height for lag periods out to 24 hours. For this table, zero change was

defined as +20 m because that appears to be the accuracy of specification of the

inversion height from the acoustic sounder record.

Examination of the table shows that the probability of zero change at 6
hours decreases to one-third of its I-hour value, and that this change is accompanied

by the decrease percentage nearly doubling. Thus the zero changes are frequent at

one hour lag, but they then decrease to a relatively rare event at six hours and greater,

primarily as the occurrence of a reduction in inversion height increases. By 6 hours,

the probabilities for decrease or increase in inversion height are about equal.

For the 12-24 hour periods, the percentages are uniform, with small

probability of zero change and nearly equal probability for increase and decrease of

the inversion height. This result indicates that for the 12-24 hour period (and perhaps

including the 6-hour period), the lag in inversion height provides essentially no

descrimination between increase or decrease.

1 Had these suggested modifications been incorporated in Calspan's Model, it would
have scored an additional "verifies" in the model testing (for Case 6) phase of this
program (see Section 3 2).
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TABLE 11

PERCENTAGE OF INVERSION HEIGHT CHANGE FOR VARIOUS LAG TIMES

Inversion Lag Time (hr)

Height Change 1 3 6 12 18 24

Increase 40% 46 49 48 49 48

Zero 38% 20 13 10 10 10

Decrease 22% 34 38 42 41 42

TABLE 12

PERCENTAGE OF INVERSION HEIGHT CHANGES BY 100m CATEGORIES VS LAG PERIODS

DECREASE INCREASE

Lag
Period -200 to -100 to 0 to -100 to 0 to 100 to 200 to
(Hr) <-300m -300 -200 -100 +100 loom 200m 300m >+300m

1 .07 0.3 2 36 (92) 56 4 0.8 0.2

3 .07 0.8 9 32 (76) 44 11 2 0.2

6 0.4 3 13 28 (63) 35 15 5 0.8

12 2 5 15 25 (52) 27 17 8 3

18 4 6 13 24 (51) 27 17 6 4

24 4 7 11 23 (48) 25 16 8 4
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Although the lag statistics appear to have little value in forecasting the

direction of change in inversion height, when presented by magnitude of change, the

data offer information about inersion height behavior which impacts on fog forecast

techniques which require inversion height information.

The percent of occurrence of inversion height change by 100 m intervals

for lags out to 24-hours are shown in Table 12. At first glance the distribution looks

similar to that in Table 11 especially when the -100 to +100 m category is compared

to the zero category in Table 11. The percent3ge steadily decreases from I to 12

hours and then is constant at nearly 50% out to 24 hours. As the percentage in this

category decreases, the percentages increase almost identically for both inversion

increases and decreases beyond 100 m.

From these analyses we can enumerate a few characteristics of the

inversion height behavior with time:

(1) At the short tine intervals (one to six hours), inversion height

changes are primarily within the +100 m range, with a signficant

fraction of those at shorter periods being within the +20 m range.

Inspection of individual daily time series of inversion height shows

that these small changes are primarily associated with diurnal

fluctuations of the sea breeze, with inversion heights increasing in

the morning and decreasing in the evening.

(2) For the longer lags (12-24 hrs), the percentages of the larger height

changes increase, but about 50% of the time the changes are still

within +100 m and nearly all are v. +20 m. Large height changes

occurring only over long time periods and indications of quasi-steady

state conditions over long time periods are both consistent with

synoptic scale processes as the major driving mechanism for inversion

height changes.

In summary, although the frequency of occurrence of zero change in

inversion height is low, the lag approach appears to have little value as a forecast of

inversion height since the frequency of occurrence shows little discrimination in the

direction of change in inversion height. However, the data do show that the inversion
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is very likely to remain within +100 m of its observed value for I to 6 hours (92-63%

probability, respectively); and for 12 to 24 hours, the probability of the inversion

remaining within +100 m is still 50%. The lag analysis indicates that for short time

intervals, fluctuations in inversion at this near coastal site are driven by the sea breeze

and that over long time intervals the fluctuations are driven by synoptic scale processes.

5.4 INVERSION HEIGHT VS. SYNOPTIC FLOW PATTERNS

Fog off the west coast of continents occurs in the surface marine layer,

and, given a variety of trigger mechanisms, its occurrence and intensity are primarily

dependent on the height of the inversion which caps the marine layer. Study of synoptic

sequences and associated fog episodes has shown that changes in the height of the

marine inversion over periods of a day or so are generally caused by the vertical m'.tion

associated with both large and small scale synoptic disturbances, with a modulation by

orographic vertical motion.

The controlling flow patterns are (I) slowly-moving long-wave systems, (2)

large-scale synoptic systems, and (3) small-scale synoptic systems whose dynamics and

flow patterns are concentrated in the 500-1500 m layer. In a previous study of a

limited number of cases, Rogers et al (Ref. 18) identified inversion height behavior as

related to generic types of flow patterns, specific patterns within these generic types,

and transitions between the various generic types.

In the realm of large scale disturbances, for example, when a long wave

trough is located near the coast, dynamic upward vertical motion can raise the inversion

to heights of 1000 m or greater. After the trough moves out, the subtropical high

usually ridges in with downward motion and the inversion lowers to around 500 m. At

times the subtropical high builds eastward to produce a separate center over the

continent and causes northeasterly flow (in its SE quadrant)in t0e layer between 500-

1500 m. Since the orientation of the mountain ranges along the coast is approximately

north to south this northeasterly flow produces downslope motion which can help drive

the inversion downward to lower levels. Occasionally, when the high pressure cell anu

the downward motion are intense, the inversion and warm air are driven all the way

down to the surface at the coastline and for some distance out to sea. Although the

marine layer may not be too far from the coast, a stratus-free area may extend some
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distance out to sea since the inversion is forced below the lifting condensation level of

the marine layer.

In ad'ition to the patterns of long wave trough and synoptic scale ridge,

smaller-scale systems also occur in the layer around 1000 m. Between occurrences of

the large scale regimes, this layer may be meteorologically active, as small-scale

cyclonic and anticyclonic patterns form in, dissipate or move through the coastal region.

These small-scale systems can also produce easterly (and downslope) flow, for which

fog occurrence and intensity vary more widely than in the large scale systems.

It was recognized in the previous study that the descriptions outlined above

were but a framework built from the limited sample available, and that further study

might uncover other unique flow patterns which might be used to improve the relationship

between inversion height and flow patterns. Under the current contract, additional

investigation was carried out to utilize the continuous nature of the inversion height

record derived from the acoustic sounder. This limited effort is summarized below;

additional detail may be found in Appendix F.

From the previous data set, closed flow patterns and large scale troughs

and ridges made up the majority of the patterns (see Ref. 18). From the curre-t study,

we have found that two other synoptic patterns, inverted trough and col, also influence

inversi ,n behavior. The inverted trough can occur south of the subtropical ridge or as

the southern member of the trough pair associated with a col pattern.

Different inversion height levels appear to be associated with these separate

occurrences. If a col is involved and the inverted trough is narrow in the east-west

direction, the inversion is in the 250-300 m range. On the other hand, when the

inverted trough is located on the south side of an east-west oriented high pressure

ridge, the inversion resides at or near the ground. In this case, our analysis indicates

that the vertical motion produced by orographic downslope aids greatly in lowering the

inversion to the surface.

To specify the synoptic flow patterns in our analyses e used the 850-

mb surface because it is an operationally available chart. However, uur study indicates

that a lower level well within the warm air above the inversion, such as 900 mb, may

be more appropriate. Use of a lower level appears to be particularly important in
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situations of weak large scale pressure gradients, like those found with col patterns.

In this situation, the wind direction in the warm air is crucial to specification of the

inversion height. With easterly winds (downslope) the inversion is found around 300 m,

while with westerly winds (upslope) the inversion is located higher.

In summary, the current study has added the synoptic patterns of inverted

trough and col to the set of patterns used to obtain inversion height from synoptic

charts for the forecast of marine fog. However, the character of both these patterns

reinforces the need to investigate the use of a level below 850 mb for the specification

of the synoptic patterns. Further research is recommended to examine what is the

most appropriate level to use to specify the synoptic flow patterns.
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Calspan Data Set

II. Details of Models
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the Numerical Models
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A-5 Summary of Models' Output Capability
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to this Program
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I. SYNOPSIS OF REJECTION OR RETENTION OF MODEL FOR TEST WITH CALSPAN DATA SET

1.0 MODELS INCLUDED FOR FURTHER TESTING

1.1 NUMERICAL MODELS

ARAP -- Highly sophisticated turbulence formulism (Higher Order

Closure) and being tested for theoretical improvements.

Burk -- Sophisticated turbulence formalism (HOC) and being developed

toward operational application.

NPS -- Simplest model with no turbulence which could be applied

to fog forecasting problem; the then current version was

running operationally on desk top computer.

Tag -- K-theory turbulence formulism which Th" between HOC and

no turbulence approaches.

Wurtele -- Different radiation package than ARAP's (which was also

used by Tag and Burk). Also hybrid K-theory, turbulent

energy turbulence modeling.

Barker -- Had both K-theory turbulence and drop sedimentation capa-

bility, but investigator had previous commitments and could

not participate in test case simulations. Model was run

by investigator with another agency; results in press but

unavailable for current analysis.

1.2 EMPIRICAL MODELS

Calspan -- Decision Tree -- Included because only technique which contains

operational method for predicting inversion height which is

crucial to application of other empirical approaches.

Only method which contains fog phenomenology knowledge.

Inversion statistics -- Developed on the current program and,

therefore, tested because of its availability.
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Leipper -- Inversion Statistics -- promising approach derived from

observed fog behaviour at Monterey and Oakland CA.

Indices -- Default objective method when any and all other

approaches cannot be used.

Rosenthal -- To prepare inversion statistics for location other than

Monterey (Point Mugu) in parallel with our study.

2.0 NOT FURTHER TESTED BUT SHOULD BE EXAMINED IN THE FUTURE

Fitzgerald --microphysics model which needed input of relative humidity

time history. Model was previously applied to situation

which became our Test Case 2, but not on the data we used

to define Case 2. Model also requires initial and verifi-

cation aerosol which were not available for test cases.

Gathman -- Aerosol model needed verification aerosol data which

were not available for test cases.

Meteorological profile model -- was not in fog predictive

category. However model Thould be considered as possible

means of providing input data to forecast models in

operational scenario.

3.0 NOT FURTHER TESTED BUT RECOMMENDED FOR OPERATIONAL USE

Renard -- Model Output Statistics based on summer conditions in North

Pacific.

4.0 CURRENT OPERATIONAL MODEL

Clarke-Fter--FNOC's current operational fog forecast model.
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5.0 EXCLUDED FROM FURTHER TESTING

5.1 NUMERICAL

Eadie et at - Turbulence formulation weak, no solar radiation and

currently inactive

Rogers -- No turbulence, crude long wave radiation, no solar

radiation, and currently inactive.

Telford -- Model is focused on theoretical applications.

5.2 ETIlRICAL

Jung -- Slight variation of Leipper Indices which was already

included for testing.

Noonkester -- Research analysis but no forecast model which could

be tested.

Himinez -- Site specific technique for Los Angeles International
Airport requiring multi-day time history of temperature

and moisture variables not available in our data sets or

operationally at sea and thus was judged not generally

applicable.

Driggers -- Site specific rule-of-thumb for NAS Pensacola, FL and

thus not generally applicable.

Leipper -- Sequences -- Needed further research.
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Table A-6

COMPLETE LISTING OF INDIVIDUALS INTERVIEWED RELATIVE TO THIS PROGRAM

INDIVIDUAL AFFILIATION LOCATION

E. Barker NEPRF Monterey, CA

S. Burk NEPRF Monterey, CA

L. Clarke FNOC Monterey, CA

K. Davidson NPS Monterey, CA

R. Dixon PMTC Pt. Mugu, CA

D. Driggers NAS Pensacola Pensacola, FL

C. Fairall BDM/NPS Monterey, CA

J. Fannin NAS Pensacola Pensacola, FL

R. Fett NEPRF Monterey, CA

J. Fitzgerald NRL Washington, DC

A. Fox PMTC Pt. Mugu, CA

S. Gathman NRL Washington, DC

A. Goroch NEPRF Monterey, CA

WO Haley NOCF San Diego (North Is.)

R. Helvey PMTC Pt.Mugu, CA

CDR Hillyard NOCF San Diego (North Is.)

W. Hopple NRL Washington, DC

H. Hughes NOSC San Diego, CA

R. Jimenez Co. Airlines Los Angeles, CA

B. Kunkel AFGL Bedford, MA
D. Leipper NPS Monterey, CA
S. Lewellen ARAP Princeton, NJ

E. Mack Calspan Buffalo, NY

J. Mueller NPS Monterey, CA

R. Nagle NEPRF Monterey, CA

C. Nelson Navv/NOAA Monterey, CA

R. Noonkester NOSC San Diego, CA

S. Payne NEPRF Monterey, CA

R. Pilie' Calspan Buffalo, NY
R. Renard NPS Monterey, CA
W. Rogers Calspan Buffalo, NY
J. Rosenthal PM!TC Pt.Mugu, CA
T. Rosmond NEPRF Monterey, CA

L. Ruhnke NRL Washington, DC

D. Sankey Co. Airlines Los Angeles, CA

G. Schacher NPS Monterey, CA

I. Sykes ARAP Princeton, NJ

P. Tag NEPRF Monterey, CA

J. Telford DRI Reno, NV

CPO Webster NOCF San Diego (North Is.)

. A. Weinstein NEPRF Monterey, CA

M. Wurtele UCLA Los Angeles, CA

G. Yung NPS Monterey, CA
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APPENDIX B

CALSPAN TEST DATA SETS

DISCUSSION B-2

TABLE B-I SUMMARY OF DATA SETS B-4

CASE 1 22 MAY 1978 B-5

CASE 2 2 AUGUST 1975 B-14

CASE 3 7 OCTOBER 1976 B-23

CASE 4 14-15 JULY 1973 B-36

CASE 5 5 AUGUST 1975 B-46

CASE 6 29 AUGUST 1972 B-57
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Appendix B contains documentation and the blind data sets fur all

six test cases. The data for each case contains the following information:

1) A plot of verification and initial temperature and dewpoint profiles

and location of initial and verification cloud base and top. In these

plots, dewpoint temperatures less than the minimum temperature on the

abcissa were plotted at their correct height, but at the minimum dew-

point value.

2) Documentation package containing

a) Locator Map

b) Synoptic Charts

c) Sea surface temperature distribution

d) List of data sources

3) The blind data set as transmitted to the individual investigators.

This section contains

a) Initial sounding

b) Initial cloud liquid water content

c) An estimate of subsidence

d) Sea surface temperature distribution

e) Surface actual and geostrophic wind

f) Sunrise and/or sunset time, sun's declination and

latitude of case

g) Low-level vertical profile of wind

h) Upper level temperature and dewpoint sounding

i) Instructions for running 'he model on the case study.

Subsidence values were obtained by comparing initial and verification

temperature profiles in the warm air above the marine boundary layer and

attributing any changes to adiabatic warming or cooling as the air sank or rose.

To minimize effects of entrainment at the top of the boundary layer on tempera-

ture changes, the lowest point used on the profile was that defined by the first

measured point in that portion of the profile in which the temperature increased

with height. With this definition, the lowest part of the temperature profile

in the warm air, which is partially defined by the minimum temperature at the

top of the marine boundary layer (and entrainment), was not used to specify

subsidence.
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Geostrophic wind was computed by assuming a balance of forces at the

surface between pressure, coriolis and friction. Because of the mesoscale

areas generally involved in these case studies and because of the mostly weak

and/or spatially variable large scale pressure fields involved, it was decided

that the locally observed wind would provide a better measure of the local

pressure gradient than pressure gradients measured from synoptic charts. The

value of the coefficient of drag which was used was 1.5 X 10 
- 3 , typical of that

used for ocean surfaces. In the cases,the thermal wind in the boundary layer

was essentially zero, so we assumed the geostrophic wind was constant with

height; it was also assumed to be constant during the simulation.

Definition of Wind Direction for All Cases

With + (plus) (X) in the direction of increasing distance for the

sea surface temperature distribution, a wind velocity with 00 points along

the positive X-axis, and wind direction is positive in a clockwise direction

from this 0* orientation.
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CASE 1

22 May 1978

Northwest of San Nicolas Island
(to 85 km)
(CEWCOM-78)

Time Zero: 0500 PDT

Verification Time: 0900 PDT

Sunrise: 0600 PDT

Scenario: No fog; thickening high stratus cloud
as inversion base rises %100 m. Air
colder than sea.
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DATA SOURCES

CASE 1

May 22, 1978

1.) Locator Map, Pg. 12, Fig. 2

Fairall, C.W., Schacher, G.E., Davidson, K.L., and Holihan, T.M., 1978:

Atmospheric Marine Boundary Layer Measurements in the Vicinity of San

Nicolas Island During CEWCOM-78. NPS61-78-007, September 1978. Naval

Postgraduate School, Monterey, CA 93940.

2.) Initial Sounding - Acania - Calspan Data Set

Verification - San Nicolas Is. after

Rosenthal, J., Battaline, T. et al and Noonkester, V.R., 1979: Marine/

Continental History of Aerosols at San Nicolas Island During CEWCOM-78

and OSP III. Technical Publication TP-79-33. April 1979 Pacific Missile.

Test Center, Point Mugu, CA 93042.

3.) a) Sea Surface Temperature Data -

Mack, E.J. and T.A. Niziol, 1978: Reduced Data from Calspan's Participa-

tion in the CEWCOM-78 Field Experiment off the Coast of Southern California

During May 1978. October 1978. Co. No. N00019-78-C-0179. Calspan Report

No. 6232-M-2. Calspan Corp. PO Box 400 Buffalo, N.Y. 14225.

b) Fairall et al 1978. Ibid.

4.) Surface Winds

Acania - ack and Niziol, 1978 Ibid.

4 SNI - Blanc, T.V., 1978: Micrometeorological Data for the 1978 Cooperative

( Experiment for West Coast Oceanography and Meteorology (CEWCOM-78) at San

Nicolas Island, California. Vol. II, May 16-22 Data. NRL Memorandum

Report 3871. August 1978. Naval Research Laboratory, Washington, DC
4 t 20375.

5.) Synoptic Charts - National Meteorological Center, 850 mb and Surface. J
I

B-10

-, o



CASE 1:'BLIND' DATA SETS

1.0 Initial Sounding (at time zero)

Height (m) Pressure (mb) Temperature (OC) Dewpoint (°C) RH (%)

6 1014 12.4 9.6 83
123 1000 11.6 9.2 85
165 995 11.6 9.3 86

207 990 9.6 7.4 86
688 934 6.4 6.4 100
786 923 7.0 2.9 75
885 912 9.8 -11.5 21
986 901 13.5 -9.7 19
1090 890 15.1 -8.4 19
1478 850 12.9 -10.2 19

1.1 Initial sky condition was observed as seven-tenths (7/10's) ccverage

by strato-cumulus. The above sounding appears flawed and shows cloud at only

688 m. We have attempted to reconstruct that portion of the sounding by computing

the lifting condensation level from the 207 m level data. Cloud base is, therefore,

at 464 m (960 mb) with the following profile data between 207 and 786 m:

464 960 7.0 7.0 100
688 934 5.9 5.9 100

The sounding is unchanged between 6 m and 207 m and between 786 m and 1478 m.

1.2 Cloud Liquid Water Content

Height (m) LWC (g/m )

464 .100
632 . 760
688 .000

Liquid water content, calculated accordinq lo adiabatic method of Rogers and

Hanley (1980)* varies linearly between these levels.

Rogers, C.W. and J.T. Hanley, 1980: "An Algorithm for the Increase of Liquid
Water Content with Height in Fog and Water Hazes," Calspan Rpt. 6711--I, 14 pp.

B-11
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CASE 1

2.0 Inversion Base

Our estimate of height of base of inversion is 688 m.

3.0 Subsidence

Vertical motion is zero at 904 mb, and a positive maximum of +0.41

cm/sec at 915 mb.

4.0 No cloud present above the marine mixed layer.

5.0 Sea Surface Temperature

The following is the sea surface temperature variation along the air

column's straight line trajectory.

Distance (km) Temperature (oC)

0 13.0
9 13.0
10 13.6
22 13.5
25 13.3
33 14.0
45 13.4
64 14.4
71 14.4
83 15.3

102 14.8
109 14.0
120 15.0
134 1S.0
160 15.7

6.0 Wind

Surface wind direction is parallel to the column trajectory with a

constant speed of 7.3 m/sec. Geostrophic wind is uniform with height and

constant with time.

B-12
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7.0 Sun Information Declination Latitude
(degrees) (degrees)

Elevation Angle: 760 (at 12 noon)
+20 33

Sunrise occurs one (1) hour after time 
zero.

8.0 Instructions

A) Please run model twice:

(1) Once with initial sounding with no cloud LWC at time zero,

even though 688 m level shows 100% RH. Use information

of 7/10's cloud coverage as necessary.

(2) Once with the second sounding with cloud layer,

464 to 688 m.

B) Output model results at one-hour intervals until model column

traverses entire length of sea surface temperature distribution.

C) Please document all, if any, supplementary processing which you

have to make to this data set in order to run your model.

ADDENDA
Surface Wind is 0000 @ 7.3 m/sec.

Low Level Geostrophic Wind is + (plus) 25° @ 9.2 m/sec.

A representative wind sounding is:

Height Direction Speed
(m-msl) (degrees) (m/sec)

Surface 0 8.2
313 +12 7.7
635 +23 6.2
957 +23 6.2

1262 -12 2.1
1579 (840 mb) -25 2.6

Time (1) Soundings Time (1) + 6 Hours
Level Height Temp. Dewpoint Height Temp. Dewpoint

850 1429 15.3 -40.5 1447 15.3 -40.3
700 2985 8.1 -26.4 3073 6.6 -22.3
500 5708 -10.7 -32.8 5671 -11.3 -36.0
400 7334 -22.6 -40.1 7338 -24.3 -37.4

300 9517 -41.2 -47.0 9517 -42.6 -48.4
200 11953 -58.5 -80.3 11765 -58.8 -65.9

Neither the initial nor verification soundings went above 850 mb so the above

soundings are from a station in the vicinity of the test area. Time (1) is

at time zero plus 5 hours.
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4 CASE 2

2 August 1975

Near Southeast Coast of Nova Scotia
(50 km offshore)

(USNS HAYES Marine Fog Cruise)

Time Zero: 1700 EDT

Verification Time: 2000 EDT

Sunset: 1940 EDT

Scenario: Shallow advection fog formed

over cold sea surface.
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DATA SOURCES

CASES 2 and 5

August 2 and August 5, 1975

1.) Locator Map -

Mack, E.J. and U. Katz, 1976: The Characteristics of Marine Fog

*i Occurring off the Coast of Nova Scotia. Fourth Annual Summary Report

Co. No. N00019-75-C-0508 June 1976. Calspan Report No. CJ-5756-M-1.

Calspan Corp. PO Box 400 Buffalo, NY 14225.

2.) a.) Initial Sounding

Mack, E.J. and U. Katz, 1976: Ibid. Naval Research Laboratory, Naval

Air Systems Command, and Office of Naval Research: Marine Fog Cruise,

USNS Hayes 29 July-28 August, 1975.

Shelburne, N.S. Radiosonde 43°43lN, 65°15lW

b.) Verification

Mack, E.J. and U. Katz, 1976: Ibid.

3.) Sea Surface Temperature Data

Marine Fog Cruise, USNS Hayes, Ibid.

Mack, E.J. and U. Katz, 1976: Ibid.

4.) Surface Winds

Marine Fog Cruise, USNS Hayes, Ibid

Shearwater, AFB, Halifax, N.S.

5.) Synoptic Charts - National Meteorological Center 850 mb and Surface.

B-20

i

rI

*1;



CASE 2: 'BLIND' DATA SETS

1.0 Initial Sounding (at time zero)

Height (m) Pressure (mb) Temperature (C) Dewpoint (*C) RH (%)

10 1011.0 13.3 11.8 91
28 1009.4 14.8 12.7 87
SO 1007.4 16.3 12.8 80

100 1002.9 16.8 13.1 79
iSO 998.4 17.2 13.5 79
200 993.9 17.5 13.9 79
2S0 989.4 17.7 13.9 78
300 984.9 17.S 13.7 78

1.1 Initial Sky Clear

1.2 Cloud Liquid Water Content

None

2.0 Inversion

Temperature profile is inverted all the way to the ocean surface.

3.0 Subsidence

Subsidence is zero.

4.0 No cloud present above the marine mixed layer.

S.0 Sea Surface Temperature

Distance (km) Temperature (*C)

0 10.8
18 10.7
31 10.5
43 9.9
59 11.0
78 ll.S

3-21



6.0 Wind

Surface wind direction is parallel to the column trajectory with a

constant speed'of 5.5 m/sec. Geostrophic wind is uniform with height and

constant with time.

Declination Latitude

7.0 Sun Information (defrees) (defrees)

Elevation Angle: 62.5 ° (at 12 noon) g18 44

Sunset occurs 2 hr. 40 min after time zero.

8.0 Instructions

A) Output model results at one-hour intervals until model column

traverses entire length of sea surface temperature distribution.

B) Please document all, if any, supplementary processing which you

have to make to this data set in order to run your model.

ADDENDA
Surfacc Wind is 0000 P 5.5 m/sec.

Low-level Ccostrophic Wind is +(plus) 38* f 7 m/sec.

A representative wind sounding is

llcight D)irection Speed
(m-msl) (degrees) (m/sec)

Surface 000 5.5
90 -006 5.5
530 -067 1.0

1000 -139 5.0
1496 (850 nlh) -110 7.0

Soundings

Time (1) Time (1) + 12 hours
Mixing Mixing

Level Height Temp. Ratio Height Temp. Ratio
rub) (C)() .~~2(C) (g/Kg)

950 546 20.2 12.0 530 20.1 15.7
900 1014 20.5 10.2 1000 21.9 14.7
850 1508 19.7 8.4 1496 19.1 9.9
700 3143 7.3 6.1 3134 P.7 1.4
500 5829 -9.4 0.8 5810 -S.3 0.4
400 7525 -19.5 0.2 7498 -20.3 0.2
300 9595 -35.5 0.1 9565 -3S.6 0.3
200 12301 -53.9 - 12264 -55.4 -
100 16601 -59.2 - 16571 -62.5 -

T~ (I is at time zero minus (-)'9 hours.
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CASE 3

7 October 1976

Between San Nicolas Island and San Diego
(CEWCOM-76)

Time Zero: 0400 PDT

verification Time: 1400 PDT
2400 PDT

Sunrise: 0720 PDT

Sunset: 1840 PDT

Scenario: 100 m thick stratus cloud, beneath a 250 m
inversion, which dissipates during daytime
and redevelops during early evening to
produce fog under strong subsidence above

the inversion.
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Figure 16. Surface, synoptic pressure pattern, Figure 17. Surface, synoptic pressure pattern.
7 October 1976. 8 October 1976.
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DATA SOURCES

CASE 3

October 7-8, 1976

1.) Locator Map, Page 93, Fig. A-4-e

Backes, D.A., 1977: Santa Ana Associated Offshore Fog: Forecasting

with a Sequential Model. Thesis. Naval Postgraduate School, Monterey,

CA.

2.) a.) Initial Sounding - Acania 0400 PDT - CEWCOM 1976 Data Sets.

lOhr b.) Verification Sounding - San Clemente Is. 1400 PDT.

14hr c.) Verification Sounding - Ralph Markson in Backes ibid pg. 72,

1800 PDT.

20hr d.) Verification - NOSC surface data and remote sensing observations.

0000 PDT/8th. Noonkester, V.R., 1977: Marine Fog Investigation at

San Diego During CEWCOM - 1976. Technical Report 172 13 October 1977

Naval Ocean Systems Center, San Diego, CA 95152.

3.) Sea Surface Temperature Data - Measurements by Calspan.

Sea Surface Temperature Probe on the Acania.

4.) Surface Winds - Calspan Observations from Acania, 24 hr Surface.

Observations from San Clemente Is and San Diego Airport.

5.) Synoptic Charts - National Meteorological Center 850 mb and surface.
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CASE 3: 'BLIND' DATA SETS

1.0 Initial Sounding (at time zero)

Height (m) Pressure (mb) Temperature (*C) Dewpoint (*C) RH %

4 1012 17.6 16.3 92
144 996 16.1 16.1 100
265 982 15.3 15.3 100
30S 977 15.5 7.4 58
335 974 21.1 -2.0 21
361 971 23.3 -1.S 19
415 965 25.1 -0.0 19
664 938 25.7 0.4 19
768 927 25.1 -0.0 19

1075 895 23.3 -1.5 19
1311 871 21.7 -2.9 19
1411 861 21.2 -3.3 19
1522 850 20.4 -3.9 19

1.1 Low level cloud cover is overcast.

1.2 Cloud Liquid Water Content (after Rogers & Hanley, as noted for Case 1)

Height (m) LWC (g/m3

144 .000
234 .200
265 .000

2.0 Inversion Base

Our estimate of height of base of inversion is 265 m.

3.0 Subsidence

Vertical motion aloft is negative as follows:

910 mb -0.712 cm/sec
940 mb -0.588 cm/sec
970 mb -0.375 cm/sec
975 mb -O.ISO cm/sec

B-32

-ai



CASE 3

4.0 Cloud Above Marine M .xed Layer

Time zero +8 hours to +11 hours: base 25000 feet, thin scattered cirrus

Time zero *12 hours to end: base 25000 feet, thin broken cirrus

S.0 Sea Surface Temperature (SST)

The following is the sea surface temperature variation along the air

column's straight line trajectory.

Distance Along a
Straight Line (km) Temperature (*C)

0 18.9
7 19.0

IS 19.0
22 19.4
28 19.3
42 19.0
52 20.1
66 19.9
79 19.8
93 20.2

105 20.3
119 20.7
129 20.9
143 20.9
159 21.0
174 21.3
190 21.2
207 21.4
222 20.9
239 21.0
270 20.8
287 20.7
302 20.9
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CASE 3

6.0 Wind

Actual wind direction is parallel to the column trajectory with changing

speed as shown in table below.

Time (hours) Wind Speed

(Relative to Time Zero (meters/sec)

O.S 6.7
1 6
2 " 6
3 S
4 4
S 3.5
6 3
7 3
8 3
9 3

l0.S 2.S
11 3
12 4
13 5
14 4
15 3.5
16 3
17 2.5
18 2.5
19 2.S

Geostrophic wind is uniform with height and changes in time in proportion to above

wind speed.

7.0 Sun Information
Declination Latitude

Sun Elevation Angle: 520 (at 12 noon) (degrees) (degrees)

Sunrise: Time Zero +3 hour 20 min -5 33

Sunset: Time Zero +13 hour 40 min

8.0 Instructions

A) Please run model twice:

(1) Output model results at two-hour intervals until model column

traverses entire length of sea surface temperature distribution.

(2) Run model a second time using an average wind speed of 3 m/sec; -1

output model results at two-hr. intervals until column traverses

SST distribution.
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Case 3

ADDENDA

We have broken this time period into two parts.

1) Hours 0 to 4 - Geostrophic wind is + (plus) 320 @ 6.9 m/sec.

2) The remaining hours geostrophic wind is + (plus) 190 @ 3.2 m/sec.

A representative wind sounding -s

Height Direction Speed
(degrees) (m/sec)

Surface 000 3.0
512 +112 3.0
733 +130 3.0
987 +150 3.0
1253 +138 5.8
1519 +125 8.5

Soundings
Time (1) Time (1) + 12 hours

Level Height Temp. Dewpoint Height Temp. Dewpoint
(mb) (m)__ ( ) CC (OC)
850 1509 20.4 -3.9 1529 20.6 -3.8
700 3151 9.6 -12.8 3179 10.5 -9.7
500 5875 -5.6 -35.6 5921 -4.1 -34.1

24-hour changes at 400 mb and above
400 7580 -20.1 -50.1 7596 -19.9 -49.9
300 9641 -36.9 -66.9 9655 -37.8 -44.7
200 12319 -56.8 * 12329 -56.2 *

100 16494 -73.4 * 16551 -72.3 *

t*

Motorboating

Time (1) is at time zero in simulation

B

1-35

, sI "n.. -



CASE 4

:-t

14-15 July 1973

Northwest of Pt. Conception
(80 km to coastline)

(Calspan/ACANIA Marine Fog Cruise)

Time Zero: 2000 PDT, 14 July

Verification Time: 0530 PDT, 15 July

Sunset: 2020 PDT

Sunrise: 0620 PDT

Scenario: Coastal stratus thickening during
entire night from v100 m to ".350 m
depth under inversion at 500 m.
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DATA SOURCES

CASE 4

July 14-15, 1973

1.) Locator Map -

Mack, E.J., Katz, U., Rogers, C.W., and Pilie, R.J., 1974: The

Microstructure of California Coastal Status and Fog at Sea. Second

Annual Summary Report. Co. No. N00019-74-C-0045. July 1974.

Calspan Report No. CJ-5404-M-I. Calspan Corp. PO Box 400, Buffalo,

NY 14225.

2.) a.) Initial Sounding, Mack et al, 1974: Ibid.

b.) Verification Sounding

Same as a.)

3.) Sea Surface Temperature

Calspan Probe and Data Log for above Cruise.

4.) Surface Winds - Acania Ship Log and Vandenberg AFB Surface Observations.

5.) Synoptic Charts - National Meteorological Center 850 mb and Surface.

B
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CASE 4: 'BLIND' DATA SETS

1.0 Initial Sounding (at time zero)

Height (m) Pressure (mb) Temperature (*C) Dewpoint (*C) RH (%)

4 1017 13.5 11.0 85
so 1010 13.0 10.8 86

100 1004 12.6 10.7 88
200 992 11.9 10.4 91
300 980 11.0 10.0 94
400 969 9.9 9.8 99
420 967 9.7 9.7 100
450 963 9.6 9.6 100
S00 958 9.5 9.5 100
580 949 10.1 9.3 95
600 946 ll.S 8.5 88
700 934 16.7 4.1 43
800 923 19.4 2.7 33
900 913 20.7 3.4 32

1220 880 22.6 3.5 29
1530 850 21.7 0.4 24

1.2 Cloud Liquid Water Content (after Rogers and Hanley, as in Case 1)

Height (m) LWC (g/m
3)

420 .000
540 .260
580 .000

2.0 Inversion Base

Our estimate of height of base of inversion is 500 m.

3.0 Subsidence

Vertical motion is positive, +.05 cm/sec at 935 mb and maximum +0.075

cm/sec at 945 mb.

4.0 No cloud present above the marine mixed layer.
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CASE 4

5.0 Sea Surface Temperature

The following is the sea surface temperature variation along the

air column's straight line trajectory.

Distance (kin) Temperature (*C)

0 13.8
9 14.0-
18 13.6
26 13.7
30 13.S
40 13.8
52 14.0
58 13.8
70 14.0
89 14.1

102 13.9

6.0 Wind

Actual surface wind direction is parallel to the column trajectory

with a constant speed of 2 m/sec.

Geostrophic wind is uniform with height and constant with time.

7.0 Sun Information
Declination Latitude

Elevation Angle: 750 (at 12 noon) (degrees) (degrees)

Sunrise: Time zero plus 10 hr. 20 min. +22 35

Sunset: Time zero plus 00 hr. 20 min.

8.0 Instructions

A) Output model results at one-hour intervals until model column

traverses entire length of sea surface temperature distribution.

B) Please document all, if any, supplementary processing which you

have to make to this data set in order to run your model.

B-44
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Case 4

ADDENDA
Wind - Change wind speed to 3 m/sec at 0000.

Low Level Geostrophic wind is + (plus) 100 @ 3.1 m/sec.

A representative wind sounding is:

Height Direction Speed
(m-msl) (degrees) (m/sec)
Surface 000 3 5
100 000 2
305 -18 2
610 -47 1
915 +110 1
1220 +63 2.5
1535 (850 mb) .75 2.5

Time (1) Soundings Time (1) + 12 Hours

Level Height Temp. Dewpoint Temp. Dewpoint

850 1535 21.7 0.4 19.6 -4.0
700 3049 11.8 -12.1 11.0 -16.6
500 5793 -5.5 -28.2 -6.5 -32.6
400 7622 -19.0 -39.1 -20.5 -37.3
300 9756 -34.4 -49.6 -36.6 -50.1
200 12500 -55.5 * -56.5 *

100 16768 -63.9 -64.7 *

Motorboating

Time (1) is 3 hours before time zero of simulation.

1
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CASE 5

5 August 1975

Off Southeast Coast of Nova Scotia
(80 km offshore)

(USNS HAYES Marine Fog Cruise)

Time Zero: 0600 EDT

Simulation Times: 3 hours

Sunrise: 0500 EDT

Scenario: Shallow advection fog formed over
cold water, dramatically increased in
depth farther downwind over substantially
warmer water.
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DATA SOURCES

CASES 2 and 5

August 2 and August 5, 1975

1.) Locator Map -

Mack, E.J. and U. Katz, 1976: The Characteristics of Marine Fu;

Occurring off the Coast of Nova Scotia. Fourth Annual Summary RcporL

Co. No. N00019-75-C-0508 June 1976. Calspan Report No. CJ-5756-M:-].

Calspan Corp. PO Box 400 Buffalo, NY 14225.

2.) a.) Initial Sounding

Mack, E.J. and U. Katz, 1976: Ibid. Naval Research Laboratory, Naval

Air Systems Command, and Office of Naval Research: Marine Fog Cruisu,

USNS Hayes 29 July-28 August, 1975.

Shelburne, N.S. Radiosonde 430431N, 650151W

b.) Verification

Mack, E.J. and U. Katz, 1976: Ibid.

3.) Sea Surface Temperature Data

Marine Fog Cruise, USNS Hayes, Ibid.

Mack, E.J. and U. Katz, 1976: Ibid.

4.) Surface Winds

Marine Fog Cruise, USNS Hayes, Ibid

Shearwater, AFB, Halifax, N.S.

5.) Synoptic Charts - National Meteorological Center 850 mb and Surface.

B-53
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CASE 5: 'BLIND' DATA SETS

1.0 Initial sounding (at time zero)

Height (m) Pressure (mb) Temperature (OC) Dewpoint (OC) RH (%)

10 1011.0 11.3 10.8 97
28 1009.0 12.8 11.6 92
so 1007.0 15.7 14.6 93

100 1002.5 16.4 14.6 89
150 998.0 17.1 14.4 84
200 993.5 17.S 14.S 83
250 989.0 17.0 14.8 87

1.1 Marine layer cloud-free at time zero

1.2 Cloud Liquid Water Content:

None

2.0 Inversion Base

Temperature profile is inverted all the way to the surface.

3.0 Subsidence

Subsidence is zero.

4.0 Cloud cover is \30% with cirro stratus.

5.0 Sea Surface Temperature

The following is the sea surface temperature variation along the

air column's trajectory:
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CASE S

Sea Surface
Distance (km) Temperature (*C)

0 10.6
2 10.7
5 11.1
10 11.0
1s 10.7
20 10.4
25 12.4
30 13.6
35 13.4
40 14.1
45 13.4
50 13.3
60 13.4

6.0 Wind

Surface winds are 4.5 m/sec along the direction of the sea surface

temperature distribution. Geostrophic wind is uniform with height and

constant with time.

7.0 Sun Information Declination Latitude
(degrees) (degrees)

Elevation angle: 620 (at 12 noon)

.17 44
Sunrise is one (1) hour before time 

zero.

8.0 Instructions

A) Output model results at one-hour intervals until model column

traverses entire length of sea surface temperature distribution.

B) Please document all, if any, supplementary processing which you

have to make to this set in order to run your model.
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ADDENDA
r'<; CC wind is 000* 0 4.5 m/scc.

:.,:.-Ivc1 Ccostrohpic Wind is +(plus) 340 @ 5.5 m/sec.

reiircsentative wind sounding is

Ilcight Direction Speed
(,n-IsI) (degrees) (m/sec)

Surface 000 4.5
96 +009 4.0

533 +OOS 3.0
'92 (00 71.0

1,172 (850 mb) .021 5.0

Soundi ngs
Time (1) Time (1) + i2 hours

Mixing Mixing
,LeveI 1cight 'cmp Ratio Height Temp Ratio01,,h__) (,,) (°c. j. (g/Kg) (m) r -Ci (.9/1 ")

950 ss6 15.1 10.s 533 16.5 10.5
900 1013 13.8 9.9 992 14.2 9.7
450 1498 12.5 8.4 1472 11.8 8.9
700 3111 6.5 3.0 3083 S.7 3.8
500 5791 -9.5 0.9 5762 -9.0 0.5
,o0 7476 -21.1 0.7 74S0 -20.7 0.9
300 9536 -37.0 0.1 9519 -35.0 0.1
200 12217 -54.8 - 12216 -55.3 -
lo0 16596 -56.9 - 16548 -58.3

Ime (1) is time zero (-) minus 10 hours.
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CASE 6

29 August 1972

At Farallon Islands
(Calspan/ACANIA Marine Fog Cruise)

Time Zero: 1700 PDT

Verification Time: 2000 PDT

Sunset: 1930 PDT

Scenario: Stratus thickening to produce
fog at surface; marine layer

capped at height of 200 m.
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CASE 6

I,'S-CALSPI CRUISE, ACANIA, AUGUST 1972
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DATA SOURCES

CASE 6

August 29, 1972

1.) Locator Map -

Mack, E.J., Pilie, R.J., and Kocmond, W.C., 1973: An Investigation of

the Microphysical and Micro-meteorological Properties of Sea Fog. First

Annual Summary Report Contract No. N00019-73-C-0094 May 1973. Calspan

No. CJ-5237-M-. Calspan Corp., PO BOX 400, Buffalo, NY 14225.

2.) a.) Initial Sounding

Mack et al, 1973: Ibid

Oakland Radiosonde.

b.) Verification Sounding

Same as a.)

3.) Sea Surface Temperature

Calspan Probe and Data Log for above cruise.

4.) Surface Winds

Calspan instrumentation.

5.) Synoptic Charts - National Meteorological Center 850 mb and Surface.

B-62 3

.4 '



CASE 6: 'BLIND' DATA SETS

1.0 Initial Sounding at time zero at the location of forecast area.

Height (m) Press (mb) Temp (*C) Dewpoint (*C)

3 1013 14.7 11.8
20 1010.7 14.2 11.8

100 1001.5 13.4 13.4
200 990.2 12.9 12.9
220 990 22.6 11.1
347 974 26.9 +2.8
1316 872 23.3 -3.1
1538 850 22.2 +0.5

1.1 Sky is overcast with stratus for past hour.

1.2 Cloud Liquid Water Content (after Rogers 4 Hanley, as noted for Case 1)

Height (m) LWC (g/m 3

90 .000
175 .150

210 .000

2.0 Inversion Base

Our estimate of height of the base of the inversion is 200 m.

3.0 Subsidence

Vertical motion is zero over the forecast period.

4.0 No cloud present above the marine mixed layer.

4 5.0 Sea Surface Temperature

Sea surface temperature exhibits values in the range 13.5-15.50 C

over the forecast area.
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6.0 Wind

Surface wind is constant in direction and speed at ^3.5 m/sec.

Geostrophic wind is uniform with height and also constant with time.

7.0 Sun Information Declination Latitude

. (degrees) (degrees)

Elevation angle at zenith: 650 (at 12 noon) +10 38

Sunset: Time zero plus 2.5 hours

8.0 Instructions

A) This is a horizontally homogeneous situation, please run model

twice:

(1) with sea surface temperature of 15.3C

(2) with sea surface temperature of 14.0C

B) Output model results at 1, 2, 4, 8 and 12 hours after time zero.

C) Please document any supplementary processing which yoo have

to make to this data set in order to run your model.

ADDENDA
If direction to which surface wind points is 0008, then geostrophic wind is

plus (clockwise) + 150 @ 3.5 m/sec.

A representative wind sounding is

Height Direction (degrees) Speed
(m-msl) (clockwise is positive (m/sec)

as for geostrophic wind)

Surface 000 3.0
326 -44 2.5
655 -60 3.6
960 -47 4.4
1258 -60 4.1
1557 -95 3.9

850 mb is at 1538 m.

Soundings
Time (1) Time (1) + 12 Hours

Level Height Temp. Dewpoint Height Temp. Dewpoint

850 1538 22.2 +0.5 1532 21.3 -2.7
700 3186 9.5 -3.1 3177 9.3 -9.5
S00 5873 -9.3 -25.8 S860 -9.4 -33.7
400 7561 -20.9 -38.1 7547 -20.8 -45.2
300 9621 -36.5 -53.5 9605 -37.2 -56.2
250 10859 -40.1 -56.1 10845 -44.4 *

Motorboating

Time (1) is the same as time zero for the simulation.
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APPENDIX C

DETAILED RESULTS FROM

MODEL TESTING AND EVALUATION

Comments for Subjective Evaluation ..... ............... ... page C-3

Summary of Simulation Results ...... .................. .page C-8

Individual Plots of Model Output Profiles .... .......... .page C-14

Test Case 1 ....... ..................... ... page C-14

Test Case 2 ....... ..................... ... page C-22

Test Case 3 ....... ..................... ... page C-29

Test Case 4 ....... ..................... ... page C-43

Test Case 5 ....... ..................... ... page C-50

Test Case 6 ....... ..................... ... page C-57
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Results from the model simulations and subsequent evaluation

are provided, as follows, in this Appendix:

(1) brief comments documenting the subjective evaluation

of model performance (asmrized in Tables 6 and 9,

Section 3) for each model and each test case;

(2) susmry Tables (C-1 to C-4) of numerical simulation

results; and

(3) a complete set of individual plots which compare both

initial and observed temperature and dewpoint profiles

and cloud base and top heights to model predictions.

A few comments regarding the simulation profile plots are in

order. These plots are arranged by test case so that all simulations for

a given test case are grouped together. As for the initial and verifica-

tion plots presented in Appendix B, dewpoint temperatures less than the

minimum temperature on the abcissa were plotted at their correct height,

but at the minimum dewpoint value. Cloud base and top are indicated by

arrows on the plots. The arrows are located next to the profile to which

they apply; in addition, the arrows for the simulated conditions are larger

than those for initial and verification donditions. For Cases 2 and 5,

in which only one model formed fog in the lQw levels, the height and value

of the simulated maximum relative humidity in the low levels is plotted

on the figure.
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Appendix C

SUBJECTIVE EVALUATION OF MODEL PERFORMANCE: COMMENTS

1. Fox/Cloud Representation-Numerical Models

Case 1: verification-330 m deep stratus with top at 800 m

ARAP: close(-)-cloud too thick and base too low

Burks, close(-)--cloud too thin; top and base too high

NPS: verifies-cloud base and top each within 50 m of verification

Tag: NC--cloud much too thin

Wurtele: verifies-cloud base and top each within 50 m of verification

Case 2: verification-shallow fog (30 m depth)

ARAP: close-no fog predicted but moderate to high RH generated in lowest 30 m

Burk: close-no fog predicted but moderate to high RH generated in lowest 30 m

NPS: close-no fog predicted; very high RH generated but only up to 10 m

Tag: close(-)-no fog predicted; only moderately high RH below 30 m

Wurtele-. verifies-predicted 40 m deep fog

Case 3, 10 hr: verification--cloud dissipating and hole developing near verification site;

no cloud evident in sounding

ARAP: verifies-completely dissipated initial cloud

Burk: NC-did not dissipate cloud or reduce LWC significantly

NPS: close-partially dissipated cloud (50 m thick)

Tag: close-partially dissipated cloud (40 m thick)

Wurtele-. close(.)-almost completely dissipated cloud ( 10 m thick)

Case 3, 20 hr: verification-250 m deep, dense fog

ARAP: NC-neither fog nor cloud predicted

Burk: verifies-270 m deep fog; LWC of 0.03 g/m 3 at 20 m ht.

NPS: NC-Fog not predicted; cloud base at 225 m

Tag: close(+)-thick, low cloud; base at ^40 m (interpolated)

Wurtele. verifies-230 m deep fog

I
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Case 4: verification-360 m deep stratus with top at 610 m

ARAP: verifies-stratus depth 320 m with top at N580 m

Burk: verifies-stratus base a little too low, top at correct height

NPS: NC-predicted fog

Tag: verifies-stratus depth 390 m with top at 630 m

Wurtele: NC-predicted thick, low stratus

Case 5: verification-shallow cold water advection fog deepening to "50 m over warm

water

ARAP; close(-)-no fog predicted; only moderately high RH generated to heights O50

m; slight reduction in RH at lowest level

Burk: close(+)-no fog predicted; very high RH generated to heights/.50 m

NPS: close-no fog predicted; very high RH but only to 26 m

Tag: close(-)-no fog predicted; only moderately high RH generated to heights "50 m;

slight reduction in RH at lowest level

Wurtele- close(-)-generated fog, but only in lowest 10 m; not representative

Case 6: verification-200 m deep, dense fog

ARAP: NC-neither fog nor cloud predicted

Burk: verifies-190 m deep fog

NPS: verifies-220 m deep fog

Tag: close-thick low cloud, base not close enough to surface

Wurtele: NC-predicted 50 m deep fog (much too shallow)

II. Boundary-Layer and Profiles-Numerical Models

Case 1: verification-lapsed profile with 930 m boundary-layer

ARAP: close-temperature and dewpoint too cold

Burk: close-temperature and dewpoint much too cold

NPS: close-temperature and dewpoint much too cold

Tag: close-temperature and dewpoint too cold

Wurtele: verifies-temperature and dewpoint within 0.5 0 C of observed

Case 2: verification-low-level inverted profile

ARAP: verifies-quantitatively matched temperature profile in lowest 30 m; dewpoint

too cold
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Burk: verifies-good match for temperature and dewpoint profiles in lowest 30 m

NPS: NC-predicted adiabatic profile

Tag: verifies-quantitatively matched temperature profile; dewpoint too cold

Wurtele: NC-profiles not representative of lowest 30 m

Case 3, 10 hr: verification-shallow boundary layer with near-adibatic profile

ARAP: NC-boundary layer too shallow; dewpoint too warm and temperature too cold

Burk: close-boundary layer depth and dewpoint are good; temperature much too cold

NPS: close-boundary layer depth.and dewpoint are good; temperature much too cold

Tag: close-boundary layer depth and dewpoint are good; temperature much too cold

Wurtele: close-good boundary layer depth; dewpoint too warm, temperature too cold

Case 3, 20 IT: verification-250 m deep boundary layer, moist adiabatic profile

ARAP: NC- predicted much too shallow boundary layer

Burk: close-boundary layer depth good; temperature and dewpoint much too cold

NPS: NC-temperature and dewpoint much too cold; boundary layer too deep

Tag: close-boundary layer depth good; temperature and dewpoint much too cold

Wurtele: verifies-quantitatively predicted boundary layer, temperature and dewpoint

Case 4: verification-lapsed profile with 560 m boundary layer

ARAP: verifies-quantitatively predicted boundary layer, temperature and dewpoint

Burk: verifies-boundary layer depth good; temperature and dewpoint a little too cold

in upper levels

NPS: close-boundary layer too high; temperature and dewpoint too cold
Tag: verifies-quantitatively predicted temperature and dewpoint; boundary layer a

little too deep

Wurtele: verifies-good approximation of boundary layer and profiles

Case 5: verification-inverted profile evolved to near-isothermal below 30 m in deep fog

ARAP: verifies-modified inverted profile to isothermal below 30 m

% Burk: verifies-modified inverted profile to isothermal below 30 m

NPS: verifies-modified inverted profile to isothermal below 30 m
Tag: verifies-modified inverted profile to isothermal below 30 m

Wurtele:. NC-failed to modify profile to isothermal
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Case 6: verification-200 m deep boundary layer, moist adiabatic profile

ARAP: NC-predicted boundary layer and profiles not representative

Burk: verifies-quantitatively predicted boundary layer and profiles

NPS: verifies-quantitatively predicted boundary layer and profiles

Tag: verifies-quantitatively predicted boundary layer and profiles

Wurtele: NC-predicted boundary layer and profiles not representative

Il. Fog/Visibility Forecast - Synoptic Models

Case 1: verification-No fog; 330 m deep stratus with base at 470 m

Calspan D.T.: verifies-forecast no fog

Calspan D.T. (Inv).: verifies-forecast no fog

Calspan Inv. Stat: verifies-zero probability of low visibility

Leipper Indices: verifies-forecast no fog

Leipper Inv. Stat.: close(+)-low probability of dense fog, but moderate probability of

light fog

Case 2: verification-shallow fog (30 m depth), sfc-based inversion

Calspan D.T.: NC-predicted no fog

CaLspan D.T. (Inv).: verifies-predicted shallow fog patches over SST gradients

Calspan Inv. Stat: NC-model NA due to lack of sfc-based inversion category

Leipper Indices: verifies-predicted fog

Leipper Inv. Stat.: NC-fog probability forecast too low

Case 3, 10 hr: verification-daytime, dissipating stratus cloud

Calspan D.T.: NC-not currently applicable to daytime situations

Calspan D.T. (Inv).: NC-not currently applicable to daytime situations

Calspan Inv. Stat: verifies-forecast of low probability for fog and low vsby

Leipper Indices: NC-not designed for daytime situations

Leipper Inv. Stat.: NC-not designed for daytime situations

Case 3, 20 hr: verification-dense fog, 250 m deep

Calspan D.T.: verifies-model forecast dense fog probable

CaLspan D.T.(Inv).: verifies-model forecast dense fog probable

Calspan Inv. Stat: close(-)-probability of fog not high enough



Leipper Indices: verifies-model forecast fog

Leipper Inv. Stat.: close-probability of dense fog not high enough

Case 4: verification: 360 m deep stratus with base at 250 m

Calspan D.T.: verifies-model forecast no fog

Calspan D.T.(Inv).: verifies-model forecast no fog

Caispan Inv. Stat: verifies-very low probability of low visibility

Leipper '.ndices: verifies-model forecast no fog

Leipper inv. Stat.: close(+)-low probability of dense fog but moderate probability of

light fog

Case 5: verification-shallow advection fog deepening to lO m; large scale inversion

at lO0 m

Calspan D.T.: NC-predicted no fog

Calspan D.T.(Inv.): close-predicted shallow fog patches

Calspan Inv. Stat: verifies-high probabilities for fog

Leipper Indices: verifies-predicted fog

Leipper Inv. Stat.: close(+)-high probabilities for light fog

Case 6: verification-200 m deep, dense fog

Calspan D.T.: verifies-predicted dense fog

Calspan D.T. (v.): verifies-predicted dense fog

Calspan Inv. Stat: close(-)-low probabilities for fog; but recommended use of next

time period category provides forecast of high probability for fog

Leipper Indices: NC-no fog forecast because of unfavorable moisture index

Leipper Inv. Stat.: close(+)-high probabilities for light fog
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CASE 1

May 22, 1978

ARAP, Burk, and NPS ran starting with an initial cloud layer;

Tag and Wurtele could not run with this initial condition so they

started with no cloud. Consequently, Tag and Wurtele have different

initial temperature and dewpoint profiles from those of the other

three modelers..
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CASE 2

August 2, 1975
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CASE 3

(10 Hours)

October 7, 1976
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CASE 3

(20 Sours)
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CASE 4

July 14-15, 1973
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CASE 5

August 5, 1975
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CASE 6

{ August 29, 1972
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Appendix D

CALSPAN'S PRELIMINARY DECISION TREE FOR MARINE FOG FORECASTING

Fog along the California coast occurs in the surface marine layer,

and, given a variety of trigger mechanisms, its occurrence is primarily depen-

dent on the height, fluctuations and strength of the inversion which caps

the marine layer. Study of synoptic sequences and associated fog episodes

has shown that fluctuations in the height of the marine inversion over

periods of days are generally caused by evolution and movement of both large

and small scale synoptic disturbances. It is the vertical motion in these

disturbances which controls the height of the inversion. Superimposed on

these vertical motions are downslope motions along the coast, the land/sea

breeze cycle and the influences of covergence- induced vertical motions

such as have been documented in the vicinity of prominent points along the

coast and over warm water patches.

While fog occurs in the surface marine layer, vertical movements

of the inversion which govern fog occurrence are controlled by flow

patterns in the layer up to 1500 m. These flow patterns are manifestations

of (1) slowly-moving long-wave systems, (2) large-scale synoptic systems

whose driving forces operate at mid-atmospheric levels, and (3) small-scale

synoptic systems concentrated in the 500-1500 a layer. Our studies suggest

that, in the mean, inversion height along the West Coast can be related to

these types of flow regimes.

Key factors in the occurrence of marine fog, particulary along the

west coast of the United States, include the open-ocean marine layer which

is modified by cold water in upwelling areas, adjacent patches of warm and

cold water in the upwelling zone, low-level subsidence such as found in

the semi-permanent subtropical high, and coastal mountain ranges. In order

for marine fog to develop, these elements must combine to produce a rela-

tively shallow marine layer, capped by an inversion whose strength and

height are controlled by a balance between dynamic vertical motions aloft

D-1



in the layer up to 1500 m and thermodynamic processes within the surface marine

layer. Superimposed on this general situation are the influences of mi-

grating mesoscale systems and their dynamic vertical motions, downslope

motion, the land/sea breeze cycle, low-level convergence patterns, the

height of the lifting condensation level, airmass aerosol characteristics,

and radiation from condensed liquid water and coastal land surfaces. Marine

fog rarely develops if high clouds or moisture aloft prevent net radiative

cooling within the marine boundary layer or if the marine boundary layer is

greater than -NAOO a in depth.

Dense fog seldom exeeds 400 m in total thickness; therefore, dense

fog will not exist at a point which is more than 400 m below the base of the

marine inversion unless a secondary surface-based inversion is first established.

With low-level inversions higher then the LCL, stratus lowering (thickening)

type fog can occur. When the inversion is below the LCL, coastal radiation

and warm water advection fogs are most likely to occur. When the inversion

is driven to the surface, the triggering of embryonic fogs by sea surface

temperature discontinuities and subsequent downwind growth can produce a

synoptic scale fog-stratus system.

K procedure designed to provide marine fog forecasts, which utilizes

currently available meteorological observations and forecast material and

which attempts to relate fog phenomenology to synoptic flow patterns through

relationships to inversion height, is mmarizaed in the experimental "decision

tree" presented below. This preliminary Decision Tree, yet to be tested in

the operational forecasting of marine'fog, is based on the assemblage of

knowledge, developed by Navy-supported field studies in the 1970's, of the

physics and meteorology of marine fog. No statistical base relating 850 mb

patterns to fog occurrence and visibility exists. In our analyses, we have

made use of the 850 mb surface because it is a routinely available chart;

however, our studies suggest that a 900 mb surface may be of greater utility.

Further study is required (1) to develop the required qtatistical base,

(2) to determine the ability to adequately predict the required parameters,

(3) to determine the utility of an "900 mb surface, and (4) to produce new

D-2
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information which will fill the gaps in our knowledge of inversion behavior,

heat and moisture flux across the inversion, fog morphology, fog persistence,

etc. The ultimate marine fog forecast scheme must incorporate these factors

and utilize numerical techniques to provide predictions of controlling

parameters and processes.

The factors outlined above and incorporated in the marine-fog-

forecast Decision Tree probably apply generally to the west coasts of most

continents. The Decision Tree should be tested in forecast centers

responsible for those areas. With some exceptions and within the context

of the inversion height limitations suggest in the Decision Tree, the

forecast concepts delineated herein probably apply to fog in other marine

environs and should be tested for these situations as well.
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Appendix E

The lomatio ad Marine Fa gad the Developnt of Fog-Stnmtua
SYm aim te C4dlforn Coat

R. J. PU, E J. MACK, C. W. RooM, U. KATZ' AM W. C. KocUoND'

CuD.. C'Deroiu, igujd., NY 14W1
4: P 1 10 Apri 19".in hal fom 0 J- 1979)

ADmfl.Acr

u paw i t. ms of am led expeiMde aboard the Naval ?oetadrft Scloo's
INV A.d deupeil epecially to stay the lemadmn Of m.he fog alea t0 Cifos na =Get. OR the
bow se trabomsad amlys phyriml mueh bave b n umled fm the foritio Wd pmiteae
d at be her diamat type d mershfog ebom al tM Wat Comet: 1) fog triaemd by istability
adm - - - wet pachs; 2) h d e sreit el humig (tbickeiag sanm clauds;
3) kg uuudUle wit law-ld ine osnverpoe; and 4) calW rads"le fog adverted t$e via
sansel lad be Xa addie, it ha bene f.eand d the binIC of ambryuic top and further
dwau1e develpemt Id m s a srdpdc-emal fqgebto systsn ad is rmepohb fo redevopment
d the ms me Iboundery Isyarw M Santa Am evtes.

I. Introdution centered several hundred kilometers to the west and
Since 1972 Calipan Coepoetion has ben cooper- south of Caiforna end producing surface winds along

stin with the Naval Postgraduate School (NpS) at th emut of the order of 4-S m r from 330 T *10.
Mntery, Cj s, under the gpeip 0 the Typical soundinps along the cast show the existence
Naval Ar Systems Commn in an investiation o1 of a wdl-mi=d marine boundary layer topped by an
m sare fog f along the wet cow o the invermon at a height of from 100 m to perhaps 600 m.
United Stt.. Sevea crulses have be staged asard The invenid = very strong, frequently exhibiting
the NPS Research Veme Aevie and more than 30 temperature Increases of 1C in one to several hundred
fos have be encountered in the waters e -tend n meter Above that levd, the atmosphere is normally
from Arcat to San Dio sand as far as S00 m to dry with a ner-neutral lspse. The fog-stratus system
es. A eirn of couact rports No been published Cm* within the unstable marine boundary layer

decibing specific portions of the investigatio and bel- th veon
iormatimon acquired on each cruie. Desepiona Destruction f the unstable boundary layer occurs
ifomgtatin, fo microphysics and micmeteoro- when the Padfic Hig moves to the north and eut
logisl ad memscale phenomena asociated with the to stuiulate ofshor wiads such as Santa Anss and
fog Hii cycle may be komd in the reports. to strengthen subeidence in the region along the coast.

In this paper, the observed mehanism c mrine The combination of subsiden and easterly winds
fog formation of the California Coast Are discussed, came surmace warming and sweep dry Air out to
ad the d and observed - msa to dear the region of all doud Md fog. When
scab phenomena ae cnsolidated into a deripti the lick High moves back into its normal poition
symopt-acae ph nologico model of the fog- and Santa Ams break down, the winds return to their
stM s system We beg by eminig briey t normal 33 direction. As described by Liepper (1946),
codiloe which lead to the foration a(a new fog- the warm surface air blowing ove the cold upwelling
stratum system and the deeloment 01 the umtable water is then cooled to produce a surace based in-
mrne boudry layer ag the West Coast. vsion. 11 lterature, however, does not provide ane=plaation oW how the inveri is raised from the
2L. The uio d tog in the development d the sufce when the Santa Am desit.

sm@UM bom" lay ObM -vatM M: show that fog-stratus system fre-
The synoptic situation alothe osothe C&am quently fam in a wedgelike pattern, widening to

gthe south, a depicted by the satellite photograph
cow b smoned by the h, t soni .1. northermost edge of this system

__ _consits o a series of cloud or fog patches aUed in

'esm eilhdom: Dwm Rseeck Iaewts, Rena, NV the dictim of the wind as in cloud IW. The
mg cloud or fq patches appear to grow to larer dimen-

0 199 Amie Meauuc Society
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Fie. 1. Skyb 2 ulictopmpit ofa fo-gsmu 3'. ad thu Cad& In.U
PDT 2 June 1973. (Ihuto mootm of J. Kalomback, NASA, jobio Space

iom, ultimnately merging in the downwind direction. inversion existed in the clear region upwind of the fog.
On two occasions the Acavis was maneuvered to the ifting of the inverion base was obweved initially
dear none northwest of -the cloud fuont, and on both at the upwind edge of the fog. Within the fog, the
occasions surface-bined unrans were observed, in
complete apeement with the afocemientioned hy -_ _________________

pothw. However, at all locations within the cloud
systain, the inversion was bawed Aoft. Obviously,
phenona, occurring at the edge of and withn the CLEAR I
fog-stratus system caused the inverion to be lifted VIN IOfofitheurface. NDR

&1og 72:ioh ow ww S Zus overcas w10AMWA . -o L DWATRf

In Auw 192 wecruised beneathasttu v at C.X

fog patch was wedgeehamped in the vertical as ini-
tmated in Fig~ .I 1e low-level temperature and
visihility data obtained in this fog are preented in F).2 fbdk fteuwn po e abI
Fil. 3 and 4. As shown in Fig. 3, a surface-basd ovw -as wasu, 30 August I972
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low-level temperature profile was superadiahatic, indi- A NiA o RUS
cRting an inversion aloft at levels above a height of IIIIIVM W920 mn. It should be noted that the wind was blowing AVT-$SUa 6MEU
from over cold water to warm water in the region of
fog formin. Te upwind edge of the fog is indicated
in Fig. 4by visibility data at aheight of 5mi,but
fog was actually observed in a shallow layer at lower 3,.

th oit Llevels for several hundred meters upwind of th poin -
shown. The Acaum, sailed Several kilometers upwind i
of the fog, reversed its course, and reentered the fog
at exactly the same location as observed On the pre-
ceding leg of the cruise. The fog was definitely attached
to the patch of warm water. __________________________________________________

From the temperature data it is apparent that, i0c1e
1.0 2.0 2.0 4.0 Lo

up~ind of the fog, heat was being transferred from KILOMETER$
the relatively warm, cdear air to the cold surface. 1 205 (22121 T ' 5
Within the fog, however, heat was being transferred* 0 4 " .* t SFfrom the warm rfdae water to the colder air. The u
cooling of the sir and lufting of the inversion off the 91 3
surface, therefore, cannot have been a result of transfer sis"AIG(2*-Iof heat to the Surface. Since the fog was repeatedly * 4rSMAOW 221'
observed attached to the warm water and since cold 12 -* WINO DIRECTION
advection was not observed, the Cooling of the foggy a 0
air must have been due to radiation to the sky from 0 1.0 2.0 2.0 4.0 LO0
condensed liquid water. KILOMETERS

Fog formation triggered by patchs of warm water L , &t, i SW in arft w--tmat data ob-
has been encountered on seven different Oc21111 wwdg whie auintu out of the upwlad edge of a foil PaCh
during this investigtio. The moat dramatic example foe ovr arm water, 30 Auut 1972.
is illustrated in Fig. S. Here it is evident that low
level air tempawures ware raponding to Changes in ture. Reversal of ship's course revealed that the fog
water temperature upwan of the fog, and no mea- fotwsatde otept fwr ae
surable changes in visilihty were observed in that frouwsatachedin o the piraitch -of warm water.
region. As the ship encountered the fog patch, a Sham~ sious oov o thesrae mus r adtliftg o theiive-
Increase in Surface water temperature was observed olng aove the face miust attr btdt aitv

simutanousy wth ashap dcrese i ai tepem it was postulated, that the mechanisms responsible
20. for the formation and persistence of such fop are as

follows. Extreme stability in the surface-based Inver-
skin upwind of the warm water prevents the mixing

- a of moisture evaporated from the Surface to higher
altitudes. A thin, nearly saturated layer of cool sur-r" . face air is thus fomed. Upon encountering the patch
of warm water, the direction of heat transfer across

* Z ~ the surface as reversed and stability at the surface
is destroyed. The resulting mixing of the newly formed

10-warm Surface air with the nest-saturated cool air
prolduces initial condensation in accordance with the

poesfirst described by Taylor (1917). Radatioa
from condensed moisture immediately above the suar-
face cools the newly formed fog layer, enhances the
low-level instbility and promotes more energetic
turbulence. In addition, the peence of the cold fog
repreents a sink for moisture and thus enhances

.0 ~evaporation from the warm s Sudface Mixig
12 1231

TEMPERA1UVE MCI I Week L J., IL J. PM§ nai W. C. Koemead 1973: An
laveedgadoa -d then.mpm m lmmtaoruhglcaNA

Pn. 3. Selected vatrd Peoi at, isd POedass eslw Proete 'P us of . Rap. No. CpJ-527M.1, Cahepa Corp..
to kg edWe 30 Aqgust 19M2 b.Eaio5 NY 1422535 p. NTIS AD76737631
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_M AANIA WEA FO P U= Ion 07 aloft. This process may be responsible for the northern
vertex of the fog-stratus system being attached to the

- coast as shown in Fig. 1.
A third process which Could produce the initial fog

lom patch is direct cooling from below as near-saturated
Air adVeCts from Over Warm water to over cold water.

on While this process is described by numerous authors
j~ltS (e-g., Taylor, 1917; liepper, 1948; Rhode, 1961), it

3n: has never been observed during this investigation
along the West Coast. We have one verified case

US study Of a "Cold water fog" which occurred off the
coast of Nova Scotia.$

Mal Th'lese observations and the explanation of fog
triggered by patches of warm water are certainly
imtnt.Hwvr neulypororan co usion

6~* ATERto be drawn from these observations is that the un-
40 stable marine boundary layer along the West Coast

13 is frequently formed by the lifting of the surface-
- - -- - ~based inversion by radiation from fog liquid water.

12 . Dyumis of fog s~rus

To this point only the mechanism by which the
0 1 ol1 ntafog formnsand causeainitial liftingof the in-

DISTANCE (al version base off the surface have been described.
FN S. ybasa, air an m nzmtme ature Numerous processes occur within this unstable bound-

fuactiame of dbaamc obtained whil cruidg into the upwind amy layer to stimulate production and growth of more
WVh of a heg patch foe over warm water, 103Jul 1973. extensive stratus and fog and aid in the further de-

velopment of the unstable marine boundary layer.
proceeds to progressively higher levels in the downwind One of the more important of these processes is the
direction forcing the fog to grow vertically. As Vertical formation Of fog streets.
growth proceeds, radiative cooling from fog liquid Cloud (fog) streets, such as are evident at the
water continuously mOves the InverSIOn to higher northwestern boundary of the cloud system shown in
levels. Oliver esa. (1978) subsequently treated the Fig. 1, were encountered on two occasions during the
case of fog formation by advection of stable air from Acmw. Sea Fog cruis of 1974. Fig. 6 presents the
over cold to over warm water in their second-order visibility data obtained while cruising crosswind
closure model and verified theme hypotheses. through one of these regions and shows that con-

The ase studies illustrated above describe one densed moisture existed at the surface, verifying that
niediavism by which the initial fog forns in the these were really foz streets. Individual fog patches
previotimly stable boundary layer. A second mecka-
no by which fog forms to rais the inverson sbove ACANIA SEA FOG CRUISE 1074
the surface is by what we" hgve tamned the coastal TIFAE 1POITI
radiation Fmroc.In many camson theis im- f I I I s
mediately following the termination of Santa Anas, 90
radiation from land surfaces, particularly in coastal 3 0o N F F 3 S

ocean via the nocturnal land brem The advection n 1
of this cold *i over the relatively warm water estab- a 40- -F7
lishs an instsbffity which permits continued fog 13408- TAU
day pmItby the mxing proum asradiation > 30 ..........

4 rceed from the fog top and raises the inversion as oa4 93 52 61
DISTANCE OUT TO SEA FROM COAST

'Math,~ ~ ~ ~ ~ ~ ~ ~ ~~~Fo &.. U.KtC .lo. nW.3 Fh~17:blty data as a fuctam of distaum obtained whilelswMauc uJ. U. KauW.l m a"is . J. P9K 197 cru4 croarwind theaugh a main of fkg patchns 23 August 1974.
RVp N. CJ-5406-M-1, Cakpa Corp., Bali, NY 14225,

a pp. Mack IL I., sand -U. Kams 1976: The daheactarbd of
4Mt 3n 3 ., R. 3. PU sad V. Eats, 1975: Marime fog marin fog ccufn off rhe cosw of Noan Scudis. Rqpk N&

ss 41 the Calfrnia aims. Ap. No. CJ-SIS.M.1, Celip CJ-37S6.M-1, Calaps Carp., Ddals, NY 14M2, 174 pp. Dn
Corp., Budalo, NY 14225, 80wpp ENTIS ADADISSJ. ADAUI7fl9
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ranged in width from 0.5 to 2 kin, consistent with the ACANIA SEA FOG CRUS 1974
example presented in Fig. 1. Vertical temperature Wo
profiles show that an unstable boundary layer existed DIRECTION-o
over the region represented by Fig. 6.

The visible profile of all fog patches along the
direction of the wind was approximately as sketched - 0m

vidual fog patches were attached to the surface as A
indicated. Downwind from the leading edge at dis- o
tances ranging from several hundred m eters to several 1del -
kilometers, the fog base lifted off the surface and L -O
cloud persisted as stratus aloft for equivalent distances 40
downwind before dissipating. 200

The specific profile in Fig. 7 wasdraw to match o ' , , , ' ' n
the general picture described above and to agree with .' i 1 3-1 1 TIME
the visibility and temperature data obtained as Acasns - x - -
cruised upwind along the approximate centerline of < A S,
one of these patches. The temperature data shown in 0 1 WATER ,9,, i *3m
Fig. 7 were obtained at four levels, but to avoid con- " 14 WATER
fusion, only the surface and 3 m curves are included. 4 12 10 4 8 12 16 20 24 U8 32 20 40
(After leaving the upwind edge of the fog, the trick DISTANCE (kumr
was continued for -18 km in an attempt to. enter
the next fog patch. We succeeded in cruising beneath Fro. 7. Visibility, air and a surface temperature data, ad
a stratus tail but a change in sea state forced a reversal a schemfatic representation of the vertical proile of a fog patch

as functions of time and distance along the wind drection,
of ship's course to protect the instrumentation mounted 24 Auust 1974.
on ship's bow.) Temperature data show that a truly
surface-based inversion was never encountered in this radiation), they point out that longwave radiation
region. Upwind of the fog patch, air temperatures from the cloud top overcompensates for absorption of
responded to very gradual changes in surface tem- solar radiation in that region and causes stratus cloud
perature. We cannot explain the small patch of fog tops to persist. The bases of thick clouds, however,
that existed between 8 and 12 kin. It's dissipation are in radiative balance with their surroundings at
coincides with the sharp decrease in temperature terrestrial radiation wavelengths, but shortwave solar
between 12 and 13.5 km. Formation of the larger radiation penetrates to that level to produce direct
patch of fog is correlated with the reversal of the cloud droplet warming and low-level cloud dissipation.
surface water temperature gradient, which begins at This process undoubtedly contributes to dissipation
13.5 kin, along the wind direction. of the downwind edge of the fog, leaving persistent

Two important points should be noted from these stratus aloft. This process, perhaps combined with
temperature data: dynamic processes, is probably responsible for the

1) Within the fog, air temperature did not respond characteristic fog patch profile depicted in Fig. 7.
to changes in sea surface temperature; instead, a While these data constitute our only measurements
temperature initially dropped more rapidly than water obtained when cruising upwind through the patches
temperature and, later, downwind of the 20 km . of fog streets, we suggest the following processes as
tion, air temperature gradually increased over a regio being important. As descbed in the previous section,
of colder water. the clear air upwind of the fog-stratus system advects

2) The atmosphere downwind from (i.e., exiting) over cold water where it is conditioned for fog forma-
the fog patch was approximately 0.5*C cooler than tion, i.e., surface air is cooled, stabilized and moist-
the surface air entering the fog at its upwind edge. ened. An encounter with a patch of warm water
Apparently, longwave radiation, beginning with the stimulates mixing and initial fog formation. Radiation
small fog patch, was responsible for cooling of the from condensed water raises the inversion above the
foggy air. Surface air warming downwind of the surface only where the initial fog patch exists. With
visibility minimum was more closely correlated with the dissipation of this fog patch, the air downwind

v ty in surface visibility, of the fog is left cooler than that entering its upwind
improvements cedge. As the low-level atmosphere encounters the next

Oliver , al. (1978) attribute the daytime cvapora- patch of warm water, it is now better conditioned
tion of lower portions of stratus clouds to direct for fog formation than air flowing between initial fog
absorption of solar radiation. Because of the difference patches, and a larger fog forms, This fog, in turn,
in absorption coefficient of clouds at long wavelengths dissipates but leaves the boundary-layer air even
(terrestrial radiation) and short wavelengths (solar more conditioned for fog formation; and the process
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a . BROKEN with the NPS acoustic sounder. At apiproimately
o - CVEARCT 0735 PDT, initial condensation was observed aloft in

INVERSION HEIGH gr- ACOUSTIC SOUNDER the form of very thin fracto-cumulus clouds. Withi
-----LIFTING CONDENSATION LEVEL minutes the broken cloud cover merged to a com-

pletely overcast stratus deck stretching from horizon
to horizon. By 0800, initial visibility restrictions were

slm ACANIA SEA FOG CRUISE 1976 observed as the stratus base l6wered to the surface.
i Fog and solid stratus persisted for approimately 5 h

I 00w uni 1300 when the first break in the overcast was
r DIST Eobserved. Subsequent calculations presented in the

Mad figure showed that within the accuracy of the mea-
STRATUS BREAK IN OVERCAST surements, (-0.2?C on wet and dry bulb temperature),

300 CLOUDS FIRST OBSERVED..-- the presence of the fog-stratus layer corresponded very
I FORMD - wel with the period during which the inversion base

200 exceeded the height of the lifting condensation level.'
Because of the motion of the ship, we do not know

100 Cwhat part of the observed inversion height change
CC C 0N, a was due to our change in position and what part was

a .i I.I 1. . . I ,I due toadcange in height with time. Since the visible

TIME (PDT) 0 ACANIA SEA FOG CRUISE 1972

Fm. & Visbilty, invemma brigh and liftig cadumdus 2 -
lewd s funedss of m and distance in a fog famsed tho
the Inhmo min s 9 Ooer197& T

continues. The likelihood of fog foirmation in the air L- -E
immediately downwind of the fog patch is peawe
than on each side so that cloud (fog) streets are-
poduced. Gradually downwind, the indiida pah' 400
become so large that adjacent patche merge, pro-
ducing a band of continuous fog. By this time, radia- I I Vj
tion from the continuous fog top nisintains and
enhiances a continuous, stable inversion aloft, caOPETSingS
an unstable boundary layer beneath.OBEVDA

3. Strats forsuatmn aloft and fog formation by the 3 MSC AE
status loersein process4TIPRTR

A variety of dynamic processes, determine where
fog and stratus clouds form in the unstable budr
layer. Anderson (1931) showed that -Calfer Coastal 13 20so.
stratus occurred as a result of adiabatic cooling
whenever the Invarsion bane rose abov the lifting
condensation level. Petteessen (1938) using the samen 12-
techniques, iLe., temperature and humidity sou-ndainp i AW-POINT
by aircraft, verified these conclusions. Anderson a
recognized that as a result of radiation, instability i
developed just below cloud tops and caused downward
gzowth of the coud buan.If the initil inversionz 1 6
suficintly low and radiation persists for a suffcient 1m 1560 I=2 1960 1550 1&0
period of time, Anderson concluded that this "stratus Time (PrT
lowering" process poduces fog at the surface. Fmo. 9. Low-level temperatue, dewpoint and vsbility date

'Thes phenomena have been observed on a number as functicam of time during fog formatlan throughn the strus-
of occasion at sea. during the current investigation. lu~peie 9Ags 92
One case, illustrated in Fig. 8, vividy demonstrates
the procss Ace. was cruising westward (crosswind), 4 Mak, F. J., U. Kate, C. W. Rogers D. W. Gaucher, K. R.

from out oncepion -60 m wes of anta Pinc C. IL Akrs and L . M 111 1977: An investsatlne ofhomPont oneltio (60 m es ofSata the meteaoog, phyics, and chenmitay of marine baundaz
Barbara) under completely cloud-free conditions, and inywr;rmes Rap. No. CJ-4017-M-1, Caspn Corp., Buffalo,
a continual increase in Wversion height was recorded NY 14225, 123 pp CNTIS ADA04763].
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MET tE'DCN
RADIATION ".-'::-;I

ACANIA SEA FOG CRUISE
1974

,- ., umLEN Sr.p.j''SR, -r P, tn

• 00 .... "%0220-t

~~sky was completely clear prior to 0735 PDT, we are. •

confident that some height change with time existed. ._
With earlier measurements (Fig. 9) made from the "- •-

Acm near the Farallon Islands (-,40 kin west of •12-
San Francisco) in 1973, we added to Anderson's de-..
scription of the stratus lowering process with the 0 4=oconceptual model depicted in Fig. 10. Persistent

stratus present from early afternoon appeared to..
remain unchanged until near sundown. At that time, 13vobservations of the 100 m high peak of the south
Faralon island indictatedh tus bases were 0730
gradually lowering. Shortly themter te perTtures 13

in the surface lyer up tW 20 mn began to fll and the .-1
20 mn dewpoint began to increase. Initial droplets ftobserved at the surface at precisely the time at which -0.

the humidity increase terminated and the air tem- -3

perature decrease stabilized. Semitivity limitations of 12
the ransmisometer caused by the short path length
used on that cruise prevented observation of the sips trc for the fog of 26-27 August 1974. (Tone, from
associated visibility restriction until the value dropped 16 PDT o 26 August to 1130 on 27 August, is shown along
below 2400 o. earlys aed)

The model postulated t t net radiation from the
stratus top caused rapid cooling, which ceated an Oliver d a. (1978) performed a detailed analysis
instability beneath the inversion, causing turbulent of the stratus lowering situation with their second-
trgnport of coo air and cloud droplets downward. order cloure dynamic model and verified these p-
Evaporaon of droplets bneaeth cloud ban caused tuates. Their analysis explains the relationship be
the i ease in humidity. This, coupled with the tween sunset (and the termination of shortwave solar
cooling, lowered the level at which saturation occurred radiation) and the stratus lowering process in sub-
and the dc proe ted downward. stanti detail. It is particularly important to note

that their analysis indicates that the stratus lowering
used ofs-in that o t cus m ar temeratio ot the process can produce fog at the surface only when the

as diame fovibiltree at tin urnil wh v-ale d-pe to inversion ba2 is below 350 m, in excelleAnt agreement
b ealomtt est of the ithim dhod& d"Pmat mOsm. with the experimental obervations of 400 to b
Tim d ica do not provid absoluts eumr of dewpoitwhen moaadel by p s e slt, ut tha dat in valin a Leipper (1948) and all observations made from the
tnsor o o a c d p Ard. on this program.
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-.. k. area to the north and west of Cape Mendocino during
20 CAPE MENOOCMINO the previous week. Fog and stratus had been en-

74, ACANIA SEA FOG CRUE countered through most of that week, so that it is
-2 sit 1974 certain that the region was beneath a raised inversion

TEMP , .l-. -)I even though data to be presented subsequently will
oci 1o reveal the presence of a secondary surface-based in-

Ste 12 - version immediately upwind of the 1000 m isopleth.
121 During late morning of 26 August as Acania cruised

\.1 toward the coast, a region of complete clearing was

. j i 20,. encountered southwest of Cape Mendocino (-350 km
Z 10ja ao~- north of San Francisco). A small patch of surface

1011. . fog was observed approximately at the Cape, and the
lo11 ship was directed toward that point. Wind was 3.5 m

s-' from 330", exactly the same as ship's motion.
Oi At approximately 1600 PDT, a sudden reversal in

20 11 12 -. wind direction occurred and wind speed increased to
Si~,sl l tI ~II n 6ms-'. Simultaneously, the small patch of fog "ex-O L- ploded" into the system described below. The fog

V11.12 1lol 1 11 formed over the coldest water encountered during the
z wC) Lcruise, and there is a correlation of the 1000 In visi-

20 11 12 bility isopleth with the 12 and 13*C sea surface
X 01 Il,. . isotherms. Clear air persisted over the warmer water
0 .1 to the west while fog persisted to the east.
z TM 1 1011 Fig. 12 illustrates the low-level air temperature

C)0 2011 distribution inside and outside the fog system. At all
10 locations, the air upwind of the fog was warmer than

Ef L .. , the sea surface below while the air within the fog
0 - was colder than the sea surface. It is evident that

10L. - heat was being transferred from the dear air to the
U - water upwind of the region of fog formation. Once13 fog formed, however, heat was being transferred from

-*) L'the ocean surface to the air. The existence of cold
20 water, therefore, could not be responsible for the2 Lj observed cooling and persistence of this fog over the

-S 12 1 20 h during which it was observed.
z -I 1 The particular ship's track used in this case study

2O V I was selected because it was suspected from previously
lo obtained data that convergence had been responsible

Nz S ~ for fog formation. This track permitted stopping of the
12 Lship for acquisition of the best possible measurementsz - 21 of wind speed and direction at each location considered

to be important. Fig. 13 presents these wind data; 1  along with isopleths of visibility. The scale shown inZ TEMP ("el the legend provides quantitative information on ob-

served wind speeds.Fr-. 12. Selected v ari f pw" in the fog ol It is apparent from the data shown in Fig. 13 that,upwind from the region of fog, winds were in all

4. Fog stimulated by low-level conlruence cases from -- 330 with speeds of 4-8 m s- 1. Within
the region of fog, wind speeds were consistently lower

Another important class of dynamic processes which and in some cases directional reversals were observed.
can stimulate stratus cloud and fog formation within A region of persistent low-level convergence is ob-
the unstable boundary layer is illustrated by the case vious from the data. Using the data shown in Fig. 13
of a fog which occurred on 26-27 August 1974. Fig. 11 the convergence pattern throughout the fog was com-
shows the sea surface temperature distribution in the puted by graphical means. Except for the region of
region and the 1000 m visibility isopleth of the fog. obviously chaotic winds in the northern portion of
These data were acquired from Aces. as she cruised the fog, divergence values ranging from -0.7X1O-4
along the track illustrated by the dashed lines. The to -17X0 -4 sc ' were determined for all regions
AcWa had been cruising within a 150 kmX 150 km within the fog. The actual values computed are- indi-
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cative of the levels of divergence present- but are not - -
as significant a the fact that all values were negative. M- -I"
These data show that persistent low-level convergence V
existed within the boundaries of the fog for at lest 1AA SEA FOG CUISE
20 h over an area of roughly 2500 kin'. .Using these convergence values and the assump-  sWIND

tion that wind velocity measured at the 20 in height -VECOR
persisted to an altitude of 100 m, the average vertical o IM- s I
velocities within regions of the fog were computed. " " -" --
Values ranged from 1-2 cm s- 1, always in the upward ...... .. "
direction for the entire period. ".

In considering the nature of the vertical velocities, .X ,
it is important to consider the three-dimensional . -
geometry and scale of the boundary layer. Recognize ..
that in Fig. 13, the region in which the convergence
pattern was calculated is approximately 110 km long
and 24 km wide. On the same scale, the unstable
boundary layer of 400 m thickness would be sub-
stantially less than the thickness of the paper on -
which the figure is printed. It is difficult or impossible.......-:
to contemplate a uniform vertical velocity of 1-2 cm -

s-' extending over such a broad area of so little " "
thickness. The data, therefore, must indicate that an " . . '."-

organized pattern of persistent updrafts and down- - '. I""
drafts existed within the area and that only the net . - "
vertical velocity averaged over the entire area was of " • , -
the order of I cm s- 1. Individual updrafts and down- " " " "
drafts existing within the region must have been .
significantly stronger than the average. ,

Postulating persistent updrafts and downdrafts, the -
effects of adiabatic expansion in this thin boundary • --.
layer were explored using some further assumptions. - .
The Oakland sounding of 26 August showed that the
marine inversion was based at a height of -400 m. 4ft
Assuming this structure extended to the region of the N
fog at the same altitude, net convergence in the layer A " "
below 100 m would have lead to net divergence im-
mediately beneath the inversion. Assuming also that " .
the surface air entering the fog at the upwind edge
ranged in humidity from 85-95%, which is consistent "__
with measurements, the updrafts would result in
adiabatic cooling and condensation of approximately Fo. 13. Wnd ct and vcibility (in) imapletha n the f of
600 mg m- 3 of liquid water at fog top. Downdrafts 26-2Ast 194.
(return flow) within the experimental region would
cause, by wet adiabatic compression, an evaporation the fog region. Furthermore, heat could not have been
of precisely the same amount of water, and the result lost in the upwind direction to the warmer atmosphere
would be no liquid water at the surface. In order to on that side. It is known from the Oakland sounding
explain the presence of liquid water at the surface that heat could not have been transferred to the
(i.e., the fog), some process other than adiabatic ex- warm air above the inversion. From previous mea-
pansion and compression accompanying vertical to- surements at Vandenberg., it is known that during
tions must be postulated.

An important clue was derived from the measured I , L ., W. J. .M, C. w. RV,, W. C. Kac.od
low-level temperature distributions shown in Fig. 14. sad R. . i. 1972: A fied invmtidmic sad numericl Simuls-
Air temperature within the fog was 1-2*C colder than tics of coastal fog. Rep. No. CJ-5OS-M-1, Caba Corp.,
upwind air temperatures regardless of the wind tra- Dualo NY 14225, 13M. IS N731MG451.

SRosts, C. W., L 3. Mek, U. Kata, C. C. E~mastbk
jectory considered. It was shown earlier that the an R. 1. P 1974: a iNe cde of Califosi costal fog
observed decrease in temperature could not have n sham. Rap. No. CJ-6.M., Caqm Cop., BuDdoS NY
resulted from transfer of heat from air to water within 1422S, 65 pp. (I ADA00=3.
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* CAPE -- o surface in the same manner as described in the stratus-
No lowering process-

-. ACANIA S"A " Quantitative estimates of the amount of liquid
water expected at the surface can be made based on174 observed temperature changes from upwind to within

. -' the fog region. It was shown earlier that total cooling
observed at the surface ranged from 1-2*C. If the air

.12 . 0 entering the fog had been saturated, a 1-2"C drop
e11 e  in temperature would procedure 800-1600 mg m -4 at

11 ~ -the surface within the fog. Thiese values are far inTE WA~ .'excess of the liquid water content of 350 and 100 mg
..-. '.- m-4 observed, respectively, in the northern and southern

DIET aC Ism) portions of the fog. However, with the assumption
that air entering the northern and southern ones was

12 -at approximately 95 and 85%/ relative humidity,
111 . e- . respectively, computed and observed liquid water

contents are in approximate agreement. Lifting con-
DST AC' E l 2-densation levels corresponding to these humidities are
-WT 

"  100 and 200 m, respectively. Apparently, the surface.512 WATER' baed inversion was sufficiently strong to prevent
11 mixing of surface air to the bae of the large-scale

_ - inversion until the energy of convergence was added
* 1 to the system.

DITANCE kmi) The overall model of what is thought to be occur-
1 ring in this region is depicted in Fig. 15. Incoming

0 L WATER air at near saturation enters the region of low-level
- ~convergence and becomes involved in a system of

111 I, .organized upward and downward motion. The figure
. 1. depicts only one cell of this system, which must com-

20 2 -4 20prize many adjacent cells. Exponsion during the upward
oiSTANCE fkmi . - portion of the air Bow produces stratus clouds aloft
13 Sm with their tops at the inversion base. The convergence
12 pattern probably produces an upward distortion of the
11 T inversion base as indicated in the artist's conception.
1  I Raditional cooling of the stratus top immediately

DIST A C kmI beneath the inversion base increases stability above

adibatc"-" *e NET RAVIATION

Fic" 14. Air sad mas lesr tempsture a fuwdom te dta V
iti the fogeof26-27 Aupst 19th4. enADIATIVE COOLING

expasiondurng te acendng ortin o ~ CNSN ATI

AIlN G EII IA SED IN TA ILITY

daylight hours at least the hills to the east of the fog LAced
were subt tantiay warmer than the air over the ocean.

Tradia tiv e ol resst be wcba toul hesrace r 1Sca ummwmoftevle se-

been ort from the ons Tby radiation from the f fume al Omd

R adi ative proce ses, of course, produce atCI L T Wt

fog top and, consequently, additioal condenstion. -o

While the amount of liquid water cndensed by wet a osul.adiabatic expansion durin the scening port of

the air dow is evaporated during the den.. 
TS

portion of the air ow, the liquid wter produced by

aditve cooing reains to be carried to the surface Fu 1. S kma*i repmadoi d varoil ca w-

by downward air motions .Th us radiation from the tim ol h f md -- "Wmt 0 low. lgv ev p ar, SW

fo g to p e p la i n s th e p re s e n c e o f liq u id w te r t th e re n v c d i .
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the stratus top and produces instabilities beneath.
Simultaneously, liquid water at stratus top is in-
creased. The return, downward flow, augmented by mSO OW O
this thermal instability, produces a wet adiabatic ImacTM yO
warming which evaporates an amount of liquid water -_ I-- -0,
equal to that produced during the initial upward ocM SruACuE
motion. The liquid water produced by radiative cool-
ing, however, persists to constitute fog at the surface. Fla. I& Schuadk V mtau tin of the Mpaisatio of fog-

With the large-scale inversion base already above sus Ys d the cONst of Caldoria.
the lifting condensation level of surface air, as in this mon a
case, formation of an extensive stratus cloud must t fog top ad further promotes loal low-level
have been inhibited by the secondary, surfnce-based instabilities, thereby producing a well-mixed layer and
inveon which was observed. In such caes, the enhmncing exchange of heat and moisture between
energy added to the system by the convergence pat- the air and sea. The presen;e of the cold fog represents
tea need be sufficent oy to overcome the secndary sink for moisture evaporating from the sea and,

iversion. f convergence patterns stimulate initial thereo, enhances net evaporation. The combined

stratus formation when the secondary inversion is not results of these pheomwa am acceleraed cooling

present, the added energy must be sufficient to distort of low-level air by radiation from fog liquid water,

the primary inversion to levels above the Mting con- a transfer of the invesion base from the surface to

dentrion level. a slightly elevated level, the accelerated addition of

From Satellite photographs of this particular fog, moisture to the air mas, and near-adiabatic lae

it is evident that the convergence pattern studied on conditions beneath the local low-level inversion. These

26-27 August 1974 was produced by an interaction procemes thereby accelerate conditioning of the air

ad the low-level atmosphere with the hills south of ma priming it for more persistent fog formation

Cape Mendocino. Hence shoreline efects may be farther downwind, so that fog streets develop. Gradu-
included in the model. We are convinced that proceses ally, radiation from sequential fog patches raises the

other than frictional elects, such as convection over inversion permanently off the surface.
Once the inversion base is elevated from the surfacewarm water patches, cn stimulate conve and the unstable boundary layer is established, nu-

within the unstable marine boundary layer, so thatlad is not a necessary part of the mode merous dynmic processes can stimulate fgand stratus
cloud formation. Important processes that have been

L Swuntary observed include gradual changes in inverion height
such that, in some regions, inversion height exceeds

A model describing the organiation of fog-stratus the lifting condensation level. There, stratus clouds
system is summarised below and depicted schemat- are formed by adiabatic cooling. When conditions are
ically in Fig. 16. Prior to the initial formation of fog correct, the stratus lowering process can convert these
or cloud, subsidence and Santa An& winds dear the clouds into fog.
marine atmosphere in the coastal sone. Both prcemes In addition, patterns of strong surface-level con-
cause warm dry air to come into contact with the vergence produce regions of persistent updrafts and
cold surface water in the upwelling regions. With the downdrafts within the unstable boundary layer, and
termination of Santa Anas and subsidence, north- with the inversion sufficiently high, condensation oc-
westerly surface winds are reestablished. The warm curs aloft. Again, radiation from the stratus produces
air blowing over the cold sea surface establishes additional liquid water which is carried to the surface
a surfaceased inversion, creating conditions suitable by downward air motion to produce fog.
for fog formation.At the shoreline, initial fog is often produced by AchvAWJfmeis'. This work was supported througha series of contracts from 1972 to 1979 from the Naval
nocturnal radiation processes over land, subsequently Air System Command, Code AIR 370C, and this
draining over the ocean with the land breeze. At sea,
in the region of northwesterly winds, initial fog he- support is gratefully acknowledged. Further, the ac-
quently is stimulated by the passage of the cooled quisition of data such as described in this paper would

Surface air oves warmer water. The instability crated not have been possible without the complete coopera-

by the warm water stimulates mixing to produce ion per nel of the Naval Postgrduate School

initial condensation, Le., fog patches. Radiatin from and the crew of Aeamis. We particularly wish to

thes shallow fog patches establishes the local inver- acknowledge the support and enthusiasm of Dr. D. F.
ULpper, Chairman of the Oceanography Department,

Amd W. W. "Woody" Reynolds, Captain of the Acm...
0 FlMO, LI., C. W. teps sad .. T. Has, I : Appii- In addition, the willing assistance and splendid co-Usa d the Lavo model waibis the astiabl mim bmd

la. Rsp. M.. S"16, Cs.p. Cwp., 9Wal, NY 142, operation of Dr G. Schacher, C. Fainl, K Davidsosan
1 pp. T. Hloulihan, R. Renard, G. Young and T. Cahoon
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and the crew of Acori.s (Chief, Ace, Chuck, Rod and 09w, D. A., W. S. Lowllm mad G. C. WUMb.., 1978:

Beaver) during the six years of this investiation are Te i ef to - .,,m . 7. ,Uo a.

greatly ampeciated. b the deeomn iI m lww oo .A
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APPENDIX F

ANALYSIS OF ACOUSTIC SOUNDER RECORD

* 1. 10 INTRODUCTION AND SURM, !tY

A capping urine inversion has been demonstrated as being a

necessary condition for the formation of marine fog along the California

coast. A detailed knovledge of the temporal and spatial changes in inversion

height and the relationship of the inversion height to meteorological para-

meters, therefore, appears to be important for the successful forecast of

fog in the marine boundary layer. Inversion height information obtained hourly

from an acoustic sounder was used to study inversion behavior and to correlate

inversion height changes with metoerological observations.

In order to investigate inversion behavior and to explore methods

of forecasting inversion height and fog, we performed a statistical study by

combining a 12-month record of acoustic sounder data and surface meteorological

observations from Monterey, California. From these analyses, we found a

correlation between inversion height and fog density at the surface and produced

the Calspan Inversion Statistics Model. The model clearly shows the 400 meter

height criterion associated with a fog/no fog situation; below 400 meters

fog is likely to form, above 400 meters the probability of fog occurrence is

small. This model is potentially useful as a fog prediction tool, providing

that a forecast of inversion height is available.

In addition to development of the Inversion Statistics Model,

we used the data set for investigation of methods for prediction of inversion

height. A number of cross correlation analyses were attempted, with little

success achieved in generating statistically meaningful relationships: for

example,
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(1) time changes in inversion height (lag analyses),

(2) inversion behavior as a function of synoptic patterns,

(3) inversion height vs surface winds (speed and direction)

and 850 tb winds, and

(4) visibility thresholds and persistence.

In sumary, of the item listed, only numbers (1) and (2) provided useful

results. For item (3), the data show that higher inversion heights occur more

frequently with stronger and westerly to southwesterly surface winds and

lower inversion heights occur with lower wind speeds and more northerly to south-

easterly winds; although the same tendency may be seen in winds aloft, the

850 mb surface appears to be too high above the inversion for its winds to be

statistically meaningful in this analysis. The threshold analysis showed that

periods of low visibility are generally short lived, but that data set is not

large enough to provide reliable statistics.

This discussion presents details of the data set, protocol on

interpretation of acoustic sounder records and results from some of the afore-

mentioned analyses. The Inversion Statistics Model is presented in Section 5.

2.0 INTERPRETATION OF THE ACOUSTIC SOUNDER RECORD AND DESCRIPTION OF

THE DATA SET

Acoustic sounders have demonstrated the ability to accurately

determine the inversion height, and in comparison to balloon borne sensors and

other types of instrumentation used to probe the atmospheric boundary layer,

the sounder provides a reliable measure of inversion height. It also has the

distinct advantage of providing a continuous record. However, the sounder

is sensitive to many types of boundary layer disturbances, thus making

interpretation occasionally difficult.
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An acoustic sounder record presents a great deal of information to the

user, at times so much that the record becomes difficult to interpret due to a co-

bination of echo types and multiple returns. To aid in our analysis, we developed

the following interpretation guidelines based on our knowledge of marine inversion

behavior and on previous work by others:

(1) Marine inversions are generally not short lived phenomena.

When analyzing for a marine inversion among multiple echoes,

the most continuous trace was selected as representing the

marine inversion.

(2) Strength of the signal was generally of lesser importance

unless a double echo layer persisted for a length of time;

the stronger signal was then selected as representing the

base of the primary inversion.

(3) As an aid in applying the above criteria, we occasionally

reviewed the attendant meteorological situation. This

information was particularly useful when the inversion was

below 200 meters, where the echo was in the noisiest portion

of the sounder record and more information was needed to

accept or reject the echo.

The acoustic sounder records and supporting meteorological data

cover a one-year period from September 1975 to August 1976. The acoustic

sounder was located at the Naval Postgraduate School in Monterey, California,

and the raw sounder records were graciously loaned to Calspan by Drs. K.

Davidson and G. Schacher of NPS. For the period, approximately 9 months of

records are available, of which about 65Z contain echoes indicating the

presence of an inversion. The characteristics of the sounder record and data

set are illustrated in Figure Fl. Supporting data, including surface and

upper-air charts, twice-daily radiosonde for Oakland and Vandenberg, and surface

observations for Monterey airport were obtained from the National Climatic

Center for the periods in which inversions were present in the Monterey data.
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Using the above guide lines for interpretation of the records, we

digitized hourly values from the records and entered them, along with surface

meteorological observations at Honterey into a Hewlett Packard 9825A micro-

computer. For the solid blocked periods indicated in Figure Fl, 1479 hourly

observations were obtained from the acoustic sounder records. This computer

based data set was then processed to provide statistical descriptions of in-

version behavior.

The data set defined in Figure Fl was considered to be reasonably

representative of annual inversion behavior along the middle California coast.

The solid-blocked time periods indicate when inversion heights were obtained

from the acoustic sounder record. Most of this data set occurs in the inversion-

dominated months of May to September. However, inversions are found during

the remaining months; 192 of the data set occurs in the time period September

to May. Time periods labeled 'missing' indicate times when acoustic sounder

records were not available. The cross-hatched areas represent times when

the base of the marine inversion could not be determined from the sounder

record due to absence of echo. As expected, many of these periods occurred

during fall, winter and spring when the inversion is not usually present at

Monterey. Other cross-hatched periods represent times when the inversion was

outside the range of the sounder (i.e., above 1000 m or at the ground) or

when an echo associated with the base of the inversion could not be determined

within a complex echo structure.
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Table Fl shows the distribution of observations within the data

set as a function of local standard time (LST) and inversion height relative

to mean sea level. The observations are relatively uniformly distributed

throughout the day with the hourly observation total varying from a minimum

of 55 at 1400 LST to a maximum of 70 at 2300 LST. Eleven hourly periods

have 61 or more observations, while the other 13 periods have fewer than

61 observations. The most frequently occurring height of the inversion base

is between 250 and 650 meters. The distribution of percent of occurrence

agrees quite closely with that found in the data set used by Leipper (Ref.

31) in his study of Monterey airport visibility versus inversion height

determined from the 0400 LST radiosonde taken at Oakland. The data in Table

F1 show a minimum during the afternoon hours, for inversion heights below 400m,

suggesting a feature related to daytime heating and the sea breeze circula-

tion which tend to raise low-level inversions during the afternoon hours.

Thus, the data set also appears to be representative of the diurnal behavior

of the marine inversion along the West Coast of the US at least in the

vicinity of Monterey.

3.0 INVERSION HEIGHT VS. SURFACE-LEVEL VISIBILITY

The computer-based data set was analyzed for the distribution of

inversion height by visibility category, and the cumulati a percentages

are shown in Table F2. The analysis shows that when visibility is less than

or equal to 0.5 mile, 92% of the inversion heights are below 400 m. This

result substantiates the well known 400 m inversion height threshold for

fog, i.e., an inversion below 400 m is a necessary but not sufficient condi-

tion for fog occurrence.

For the three visibility categories in the 1 to 10 mile range

(columns 3, 4 and 5), the inversion height at which a given cumulative per-

centage value occurs increases as visibility range Increases, e.g., 80%

at 400, 500, 600 m and 700 m for 1-3, 3-5, 5-10 and >10 mile visibilities,

respectively. This result is consistent with the earth's surface being

located progressively farther below the top of a stratus cloud which is

only 400 m thick. With the inversion height below 400 a, the earth's sur-
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face is in the cloud (fog) and visibility <1 mile occurs. In the 400-450 m

inversion height range, the surface is located just below cloud base in

the region of very high relative humidity and dense haze (visibility in the

1 to 3 mile range). In the 450-500 m range, the surface is in a region of

lower relative humidity farther below cloud base, and the visibility increases

to 3-5 miles.

These data were organized according to time of day and frequency

of occurrence of visibility vs.inversion height to produce the Calspan In-

version Statistics Model presented in Section 5. For the early morning hours--

i.e., the prime fog period--the fog visibility versus inversion height rela-

tionship shows dense fog (visibility <0.5 mile) occurs most often at low

inversion heights and higher visibilities with higher inversion heights.

In particular:

(1) With the inversion at or below 200 m, the chance of dense

fog is 50% and the chance of visibility <lmi.is 70%. In the 200-300 m height

range, the percentages decrease with the chance of visibility <1 mi. at 40%,

but the chance of dense fog is only 25Z.

(2) In the 300-400 m range there is only a 13% chance of visibi-

lity less than 1 mi., but a 72% chance of visibility <5 ml.

(3) For inversions above 400 m, the viaibility occurs predominantly

at values above 3 mi.

4.0 INVERSION HEIGHT CHANGE LAG ANALYSIS

To utilize the Calspan Inversion Statistics Model to forecast

fog, a forecast of inversion height is needed. One approach that was investi-

gated considered the potential for a lag relationship in which inversion heights

measured at one time might be used to predict the inversion height for some-

time (up to 24 hr) in the future.

F-9



The lag analysis was performed by first selecting a time

step (dt) and the time period of interest. A line by line search was executed

to find one of the hours of interest (T0 ). When this was located in the data

set, the program then searched forward for an observation at T + dt. If such
0

an observation was found, the change in inversion height was determined and

added to the appropriate category of inversion height changes.

Table F3 a-d presents results of the lag analysis for inversion

measurements at 0100-2300 LST for time steps of 1,6,12 and 24 hours, respect-

ively. This analysis shows that there is an approximate 50% chance for the

inversion to be within t80 m of the observation in the time period 6 to 24

hours later. In particular the inversion height change between evening and

morning (6-hr lag, 2100 to 2300; 12-hr lag, 1800 to 2000) shows no preference

for increase or decrease in inversion height for values >+80m. For periods

shorter than 6 hours, the probability of the inversion remaining within -80 m

of the observed value increases dramatically. These data are summarized in

slightly different format in Section 5.

5.0 INVERSION HEIGHT VS. WIND SPEED AND DIRECTION

In another attempt to forecast inversion height we examined the

data set for any relationship between inversion height and winds at the sur-

face and 850 mb levels. If relationships could be established, then forecasts

of wind velocity from large scale numerical predictions could be used to obtain

estimates of inversion height.

Table F4(a) shows the distribution of inversion height occurr-

ence as a function of surface wind speed. Note that the frequency of low

inversion heights decreases with increasing wind speed. In particular the

probability of the critical 400 m inversion height decreases to <50% when

surface winds are greater than %A kts.
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(a) LAG FOR DT- 1 hours

DECREASE MNCREASE

(meters) (meters)
280 240 200 160 t:'l 120 160 200 240 280 TOTAL

HP <-281 241 201 161 121 81 .-80 81 121 161 201 241 >-231

0 0 0 0 0 0 0 63 2 0 0 0 0 0 65
1 0 0 0 0 a 0 64 2 1 0 f" 0 3 67

2 0 0 0 0 0 3 e: 1 1 0 1 0 0 67
3 0 0 1 2 0 2 61 1 0 0 0 0 0 66
4 0 0 a 0 0 0 59 2 2 0 1 0 0 34

5 0 0 0 0 1 2 57 2 0 0 .3 0 0 62
6 0 0 1 0 0 1 54 1 0 2 0 0 0 53
7 0 0 0 0 1 2 !3 1 1 C 0 0 0 58
8 0 0 0 0 i s0 0 1 3 0 0 0 54

9 0 0 0 0 0 2 !2 0 0 0 0 C 1 55
10 0 0 0 0 a 3 51 1 1 0 0 0 0 56

It 0 0 0 0 1 3 47 0 1 0 2 1 0 55

12 0 1 1 0 1 3 44 2 0 0 0 0 0 52

13 1 0 0 0 0 1 49 2 1 0 0 0 0 54

14 0 0 0 0 0 0 51 1 0 0 0 0 1 53

15 0 0 0 1 0 1 47 3 1 0 0 3 1 54
16 0 a 0 0 0 1 51 , 0 0 0 0 0 53

17 0 0 0 1 C 2 50 0 1 1 0 0 0 54

18 0 0 0 a 2 2 53 1 1 0 2 0 0 59
i3 0 0 0 0 1 5 49 6 0 0 0 0 0 -r.

20 0 0 0 0 2 5 51 2 0 0 0 0 T C,9

21 0 0 0 0 0 3 54 1 2 -" 0 0 0 62
22 0 0 2 0 0 1 56 1 0 2 2 0 0 64

23 0 0 0 0 2 1 58 5 0 0 0 0 1 6-

1476

Table P3. Number of Occurrences of Inversion Height Change for each

Hour of the Day for Lag Periods of (a) 1 hour, (b) 6 hours,
(c) 12 hours and (d) 24 hours.
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Table F3. (cont.) .1!

(b) LAO FOR OT- 6 hours

&ECREASE IHCREASE
(meters) (meters)

280 240 200 160 120 120 160 200 240 280 TOTAL
HR (-281 241 201 161 121 81 +-80 81 121 161 201 241 >-281

0 0 0 0 3 0 1 43 3 5 2 0 1 1 62
1 f 0 0 3 2 3 39 3 4 0 0 2 0 56
2 0 1 0 3 4 2 36 2 3 2 1 1 1 55
3 1 0 2 2 3 34 3 2 3 0 1 0 52
4 a 0 ± 1 3 4 32 1 2 1 4 1 0 50
5 0 0 3 2 4 5 29 2 1 1 2 9 1 50
6 1 0 0 0 7 8 20 4 1 2 1 2 1 47
7 1 0 4 2 3 4 24 4 0 4 1 0 0 47

1 2 1 0 3 7 26 3 4 0 0 0 0 47
a 0 1 1 1 7 5 21 3 3 2 0 0 0 44

10 0 1 1 1 3 4 28 2 1 1 1 0 1 44

11 0 0 1 1 4 4 23 9 2 *0 1 0 0 45
12 1 1 1 2 1 1 27 5 2 3 0 0 0 4j
13 0 0 0 2 1 2 31 6 2 0 3 C 1 41
14 0 1 0 2 1 3 30 1 2 4 0 C 2 4S
15 0 0 1 3 0 3 32 3 1 2 2 0 0 47
16 0 0 3 0 4 6 29 2 3 2 0 1 0 50
17 1 1 1 1 6 1 24 5 4 3 0 0 0 47
1 1 0 1 3 2 6 27 2 5 3 0 0 0 50
19 0 1 0 5 4 1 24 8 2 3 1 0 0 49
20 0 0 2 3 3 4 26 3 3 5 1 1 0 5.
21 0 1 0 1 3 4 28 5 4 2 1 1 53
22 0 0 1 2 4 1 Z2 10 4 2 0 0 1 7
23 0 0 1 0 4 2 37 12 2 s 0 0 1 60

1476

F-12 I f



Table F3. (cont.)

(C) "A6 FOR DT- 12 hours

DECRFASE' INCREPSE
(meters) (meters)

2M0 240 200 160 120 120 160 200 ?40 280 TOTAL
HR <"281 241 201 161 121 81 .-80 81 121 161 201 241 >-281

0 1 1 1 2 4 3 21 2 4 1 2 1 3 46
1 0 1 2 4 1 6 20 3 2 0 2 1 J3
2 1 1 0 4 3 4 24 1 2 0 2 0 1 43
3 1 0 1 4 1 7 19 4 1 0 2 1 1 42
4 1 0 2 1 2 7 17 3 1 2 1 2 2 41
5 1 1 1 3 4 1 15 2 4 0 , 2 2 38
6 1 1 1 3 5 3 13 6 3 2 0 1 1 40
7 3 1 2 2 1 3 19 3 4 1 4 1 0 41
8 3 1 0 3 2 5 14 7 4 2 1 fi 0 J2
9 2 0 2 5 2 20 I 5 0 0 7 1 39

10 0 1 1 3 3 5 23 1 4 1 0 0 1 43

11 1 0 2 3 1 a 21 2 2 2 2 1 0 43
12 (1 1 3 3 1 2 23 4 3 1 1 0 2 44
13 0 2 0 4 1 3 18 3 6 4 1 0 1 43
14 1 2 0 1 4 0 17 6 J 3 1 4 c 47
15 3 1 0 2 1 3 16 5 3 4 3 9 2 43
16 1 0 1 2 3 4 19 2 3 4 3 0 1 42
17 2 0 0 1 2 6 16 4 4 5 1 0 1 42
18 1 1 1 1 1 6 22 3 4 3 0 0 3 46
19 1 1 0 1 3 2 25 2 4 0 1 4 2 43
20 1 2 9 2 1 4 22 1 4 1 1 0 4 43
21 1 1 0 1 1 3 17 S 4 3 2 1 I 40
22 2 0 9 4 0 1 21 7 0 1 5 1 1 43
23 1 0 3 1 5 4 23 2 3 2 3 1 1 49

1476
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Table F3. (cont.)

(d) LAG FOR DT- 24 hours

DECREASE INCREASE
(meters) (meters)

280 240 200 160 120 110 160 200 240 2M0 TOTAL
HR (0281 241 201 161 121 81 *-80 81 121 161 201 241 >-281

0 5 1 1 0 3 5 18 5 4 4 1 0 2 49
1 2 2 1 3 3 2 18 5 3 5 1 0 2 17
2 2 0 2 0 4 5 16 4 4 4 0 0. 1 42
3 2 1 1 1 7 4 17 3 2 2 3 1 0 40
4 3 1 2 0 2 2 20 3 1 4 2 0 0 40
5 2 1 0 2 3 3 16 5 2 1 3 0 0 3-

6 2 1 3 3 0 18 4 4 1 1 1 0 39
3 3 1 0 2 17 3 1 3 1 1 0 39

8 2 2 1 2 2 3 17 3 1 2 2 1 1 39
9 1 1 0 8 2 1 16 1 i 3 0 2 1 37
10 1 3 1 3 1 1 16 2 2 1 1 0 5 37
1I 0 2 2 2 4 4 17 1 2 2 1 0 2 39
12 2 0 2 1 2 2 19 1 2 1 0 2 2 36
13 3 1 0 0 3 1 22 2 0 3 i 2 i 3?
14 3 2 2 0 2 0 18 2 2 1 Z 1 1 37
15 4 2 0 1 0 2 1. 4 2 1 3 0 1 3S
16 2 1 0 3 2 16 4 3 1 1 2 37
17 2 2 0 2 3 0 17 1 3 5 0 0 3 37
18 1 2 0 2 2 1 46 a 3 2 0 0 4 =3
19 0 2 2 2 1 1 19 1 5 2 0 0 3 38
20 3 1 1 0 2 2 18 3 2 1 2 2 2 39
21 2 1 2 0 2 3 16 4 3 2 0 1 3 39
22 2 0 0 5 1 5 31 9 3 2 ? 1 3 64
23 - 0 1 1 4 3 40 4 3 4 2 0 1 67
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(a) Distribution of Inversion Height vs Wind Speed at MTY

(Cumulativ* Percent occurence of IN for given wind speed"

TIME PERIOD- 0000 to 2300 CLocl Ttme)

WIND SPEED Ckt)
I (m) CALM 1-3 3-5 5-7 7-10 10-15 )15

<-50 0 0 0 0 0 0 0
<-100 3 0 0 1 1 0 0

<-150 9 3 1 1 1 0 0
<-200 24 1 3 2 2 .1
<m250 35 26 9 3 5 2 0
<-300 54 41 20 14 13 5 0<-5 9 29 19 23 a 17<-350

<-400 70 9 42 34 38 26 33
e*450 74 70 53 45 48 9 0

<-500 81 77 65 z5
<-550 84 82 72 68 71 50
(-650 90 90 89 90 83 77 50
(-750 97 93 96 96 93 e7 )
<-850 100. 99 100 99 99 95 83
<-1000 too L0 100 !10 10 190 100
0 OBS 328 73 399 191 331 161 6

(b) Distribution of Inversion Height vs Wind Direction (sfc) at MTY

(Cumulative Percent occ,,rence of I for 3ive" wind direction;

TIME PERIOD- 0000 to 2300 (Loa' Time)

WIND DIRECTION

IN Cm) CALM 294-338 339-23 24-68 69-113 114-158 159-203 204-248 249-293
-so 0 0 0 0 0 0 0 0 0
<-190 3 1 0 0 0 0 0 0 0

<-150 9 2 0 0 24 0 1 j 0
<-200 24 4 7 0 35 0 7 2 1
(-250 35 10 22 0 53 17 13 3 3

(300 54 21 42 40 -42 23 13 to

<-500 81 4 89 80 76 83 32
<-550 84 90 93 80 76 13 72 68 60%

(-650 9N 94 16 100 94 92 92 87 78

<-750 97 961 100 100 100 110 97 94 30

'-856O 100 99 100 106 160 100 99 100 98

(-1006 100 100 100 100 100 100 100 100 100'04S0328 200 45 5 17 128

<-451 49 72 709948

Table 74. Frequency of Occurrence of Inversion biglht as Functions
; of (a) wilnd speed ad (b) win direction at Nonterey.
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Table F4(b) shows the percentage of inversion heights for selected

wind direction categories. For wind directions in the SW quadrant (160-

2900) the probability of inversion heights below 400 m is <^4OZ. This result

is consistent with the inversion being above 400 m when cyclonic flow occurs

ahead of a low located offshore. For wind directions from the NE and SE quad-

rants ("%360-1600) the probability of inversions below 400 a increases to nearly

70%. The data shown in Table F4(b) are indicative of the progressive lowering

of the inversion as the subtropical high builds eastward to the coastline.

Thus these data show the tendency for the inversion to be above 400 m with

cyclonic flow and then to become more frequently below 400 m as the sub-

tropical ridge moves onshore. However, the data sample was too small to attempt

to break the inversion height down into finer categories, particularly for

those direction sectors which show a preponderance of inversion height below

400 a.

The same kind of analysis was attempted using 850 mb winds taken

from Oakland and Vandenberg radiosonde data. However, the data set was limited

to twice-daily observations for a limited time period, and only 70 data points

could be generated for each radiosonde station. Hence, the data set was judged

not statistically large enough. Qualitatively, however, the 850 ab winds re-

flect the surface wind behavior as shown in Table F4(b): i.e., lower inversion

heights occur with winds from the 3600 to 1600 direction, (with an easterly

component) and higher inversions are associated with 850 ab winds from the

2100 to 3300 direction.

6.0 CASE STUDIES: INVERSION BEHAVIOR VS. SYNOPTICS

Part of the Calspan Decision Tree is concerned with estimation

of inversion height from synoptic patterns. This relationship was initially

derived from a limited number of case studies encountered during MFI field

programs. At the time of this first study it was recognized that the rela-

tionship was experimental and incomplete, i.e., additional investigation would

uncover other patterns which would expand the relationship. In the current

study, we examined the inversion height sequences derived from the acoustic

sounder record and found the additional patterns of "col" and "inverted trough".

Documentation for these cases is presented below.
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Figure F2 shows the time history of acoustic sounder inversion heights

for the latter half of September 1975 (every six hours daily, starting at

OOOOLST) and corresponding inversion heights and low level winds from the

Oakland and Vandenberg AFB 1200GMT radiosonds. Starting near 400 m at the

beginning of the period, the inversion rose to 700 m in two days and then dropped

quickly to around 300 m. After hovering near 300 m for a couple of days, the

inversion plummeted to the surface where it remained for a few days; it then

rose steadily over three days to above 400 m.

The 700 m peak was associated with cyclonic flow around a low

located offshore from Monterey. Subsequently, the low drifted northwesterly.

A col developed near Monterey, and the inversion height lowered to near 300 m.

Continued evolution transformed the col to a strong inverted trough early on

the 23rd, and the inversion dropped quickly to the ground. As the inverted

trough subsequently dissipated, a small scale high first entered the area

on the 27th, and the inversion rose to 300 m. Then the subtropical high

ridged toward Monterey, further raising the inversion to 450 a. The four 850-mb

flow patterns mentioned above are shown in Figure F3(a-d)

Cyclonic flow around a low (1200 GMT/28th; Fig. F3d) and ridging

toward the coast (1200/19th,Fig. F3a) with their respective inversion heights

above 400 m, were contained in the original Decision Tree relationship between

flow patterns and inversion height (Rogers et al, 1981). The col (1200QGT/

22nd, Fig F3b) and inverted trough (1200GMT/24th, Fig F3c) were discovered

in the current study. The uniqueness of these additional patterns, via a

via those from the original set,can be seen by intracomparison of the charts

within Fig F3.

As has been pointed out, the 850 ub level (%1500 a) was used in

developing the relationship between synoptic flow patterns and inversion height

because the Decision Tree scheme was designed for operational use and 850 mb

was the most appropriate, operationally available level. However, the flow

above the inversion in the layer 500-1000 a, which controls the height of

the inversion when it is near the critical threshold for fog (400 a), is

sometimes not represented by the 850 mb flow. In these situations the wind
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observations must be used to identify and delineate patterns for the re-

lationship between inversion height and synoptic flow.

The necessity of using the wind observations is illustrated in

the col pattern for 12000MT/22nd. On this day, Vandenberg and Oakland were

both located near the center of the col at 850 mb; however, Oakland's in-

version height of -*u500 a was almost 150 a higher than Vandenberg's inversion

height. The wind observations in the 500-1000 a show that the wind directions

at that level were different at the two sites -- Oakland was west-

northwesterly while Vandenberg was northerly. In these inversion-dominated

flow patterns, west-northwisterly flow above the inversion is usually associ-

ated with inversion height around 500 m, while northerly winds are usually

associated with inversion heights at or slightly below 400 m. Thus for this

col pattern at 850 mb, the wind flow in the warm air immediately above the

inversion was crucial to discriminating between inversion height above and

below 400 m.

The critical nature of flow patterns in the 1000 meters above the

inversion for estimation of the inversion height has been reinforced by the

above case study. Additional study is needed to determine for which flow

patterns the 850 mb flow is not representative, and what other approach

might be used to determine the inversion height since flow patterns on constant

pressure levels between the surface and 850 mb are not operationally avail-

able.
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